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Deceleration of Interstellar Hydrogen at the tionship between the measured shifts. How- 
ever, due to the frequent presence of two or 

Heliospheric Interface more absorption lines in the same star 
spectrum, a selective search for those lines 

Rosine Lallement, Jean-LOUP Bertaux, John T. Clarke (one per star) which obey such a relation- 
ship has to be done. Identification of the 

High-resolution spectra of nearby stars show absorption lines due to material in the local "local" lines and the determination of the 
interstellar cloud. This cloud is deduced to be moving at 26 kilometers per second with velocity vector are done simultaneously. 
respect to the sun, and in the same direction as the "interstellar wind" flowing through the From all our observations, only one velocity 
solar system. Measurements by the Ulysses spacecraft show that neutral helium is drifting vector emerged that gave good agreement 
through the solar system at the same velocity, but neutral hydrogen appears to be moving between Doppler shifts of observed absorp- 
at only 20 kilometers per second, a result confirmed by new measurements of the hydrogen tion lines and those calculated by projec- 
emission line taken by the High-Resolution Spectrograph on the Hubble Space Telescope. tion for the whole set of stars. The derived 
These results indicate that neutral hydrogen atoms from the local interstellar cloud are heliocentric velocity vector V,, has the 
preferentially decelerated at the heliospheric interface, most likely by charge-exchange same direction (X = 74.5", p = -7.8" in 
with interstellar protons, while neutral helium is unaffected by the plasma. The magnitude ecliptic coordinates) as the observed solar 
of the observed deceleration implies an interstellar plasma density of 0.06 to 0.1 0 per cubic system interstellar flow and its magnitude is 
centimeter, which in turn implies that the heliospheric shock should be less than 100 25.7 +- 0.5 km s-I (6). 
astronomical units from the sun. Two independent and extremely strong 

supporting arguments have also shown up. 
The first one comes from high-quality spec- 
tra of the star Capella 12.5 pc distant from 

T h e  generally accepted picture of the in- recent measurements (6) from ground and Earth, taken by the Hubble Space Tele- 
terstellar medium in the vicinity of the sun space, however, those interstellar absorp- scope-Goddard High-Resolution Spectro- 
has individual diffuse clouds, with typical tion lines due to the local cloud were graph (HST-GHRS) (9). H, D, FeII, and 
sizes of a few parsecs (pc) , densities of 0.1 to identified through the reconstruction of its M ~ I I  spectra exhibit only one absorption 
10 crnp3, and temperatures of 5,000 to velocity vector by Doppler triangulation. A line, at a Doppler shift of 22.0 km s-'. The 
20,000 K, with or without small cold cores, typical spectrum with only one absorption projection of the LIC motion (6) onto the 
embedded in the Local Bubble, a cavity of line, that of CaII (7) ,  is shown in Fig. 1. direction of Capella is also 22.0 km s-'. The 
hot and tenuous gas, about 80 pc across Doppler triangulation (8) is very simple. LIC, therefore, is the only cloud between 
(1 -3), which is thought to be a supernova If the local interstellar cloud (LIC) moves the sun and Capella probed by both Capella 
remnant. The clouds are detected by means like a solid body, Doppler shifts of its ultraviolet (UV) lines and visible lines from 
of the absorption lines they produce in the absorption lines toward any star are the surrounding stars. From the relative widths 
spectra of background astronomical objects, projection of the LIC velocity vector onto of the Capella UV lines, the temperature is 
such as nearby stars. In high-resolution the star direction, and the velocity vector 7000 +- 1000 K, and the turbulence level 
spectra multiple lines of the same absorbing coordinates can be deduced from the rela- smaller than 1.6 km s-' (9). 
species with different radial heliocentric 
velocities can often be seen, indicating the 
presence of more than one cloud between 1.35 
the sun and the observed star. In addition 
to the general motion associated with the 
galactic rotation, the stars and the interstel- 
lar clouds also have individual velocities. 

The sun is known to move inside one of ,30 
these clouds. There is an observed flow of 
hydrogen and helium atoms, at about 20 km 
s-', within the solar system, due to the 
relative motion of the sun through the sur- 
rounding medium. When they approach the 5 ,25 
sun, H and He atoms of this so-called inter- g 
stellar wind resonantly scatter solar photons at 5 

wavelengths of 121.6 nm (H Ly-a) and He 
58.4 nm (He) to produce the interplanetary 
glow, which was first mapped and understood 
in 1970 (4, 5).  The measured density of the 1.20 

neutral H flow is 0.05 to 0.20 cmP3. 
Until now, it has been impossible to say 

which astronomically observed cloud corre- 
sponds to the solar system interstellar mat- 
ter; the amount of interstellar matter in- 1.15 
volved is extremely small. In a series of -50 -40 -30 -20 -10 o 10 20 30 40 50 

Heliocentric velocity (km s-I) '. and J,-L, Bertaux5 d'aeronomie Fig. 1. An example of interstellar absorption attributed to the local cloud, detected toward the star du CNRS BP 3 F91371 Verrieres-le-buisson France. 
J, T, Clarke, Debartment of Atmospheric, and a Lacertae located at a distance of 15 pc from the sun. The data were taken with the Aurelie 
Space Sciences, University of Michigan, Ann Arbor, Spectrometer at the 1.52-m tekSc0pe of the Observatoire de Haute-Provence, France, and are 
MI 48109. centered on the line of singly ionized calcium (Call). 
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The second strong confirmation is pro- 
vided bv the recent results of the Neutral 
Gas ~xlieriment (10) on board the inter- 
planetary spacecraft Ulysses, which has 
measured in situ the velocity distribution of 
the interstellar neutral helium flow. The 
derived characteristics of the helium flow 
are a temperature of 6700 k 1000 K and a 
velocity modulus of 26 -+ 1 km s-', in good 
agreement with the properties of the LIC 
deduced from the CaII lines. 

The identification of the local cloud has 
important consequences for the study of the 
interaction between the sun and the inter- 
stellar medium. The heliosohere. or solar 
wind domain, is expected to be confined by 
the plasma component of the local inter- 
stellar medium, the interstellar magnetic 
field, and the cosmic rays (I I). The radially 
expanding supersonic solar wind is expected 
to be decelerated by a strong shock, the 
heliospheric shock (Fig. 2), then con- 
strained to flow inside the heliopause, a 
contact discontinuitv surface between the 
solar wind and the interstellar plasma. The 
interstellar olasma is itself decelerated. and 
flows around the heliosphere. The exact 
size of the heliosphere is the subject of 
current speculation, because the Voyager 1 
and 2 and Pioneer 11 spacecraft are now 
leaving the solar system in the general 
direction of the incoming interstellar flow. 
They are now Uanuary 1993) 51, 39, and 
37 astronomical units (AU) from the sun, 
respectively, and, depending on the actual 
size of the heliosphere, should sooner or 
later detect direct or indirect signs of an 
approaching boundary. 

Estimates of the size of the heliosphere 
have ranged between 50 and 500 AU, 
de~endine on assumed values of the inter- 
st;llar magnetic field, the density of low- 
energy cosmic rays, and the interstellar 
plasma density (mainly characterized by the 
proton density n,, which is also very poorly 
known), all three contributing to the con- 
finement. Estimates of n, (approximately 
equal to the electron density) range from 
0.003 cmP3, deduced from local interstellar 
medium observations of the ionization state 
of magnesium (12), up to about 0.015 cmP3 
according to ionization calculations by in- 
tegrated celestial UV radiation (1 3). With 
a magnetic field of 1.6 p,G in a direction 
perpendicular to the flow (14) and a low- 
energy cosmic ray pressure of 10-l3 dynes 
cmP2 (I I) ,  the above range for n, corre- 
sponds to a distance R to the heliospheric 
shock in the interval 170 to 210 AU. There 
is, however, no real observational upper 
limit to the local value of n-. The interstel- 
lar medium is inhomogeneius, and what is 
found when integrating over large distances 
may be different from the local conditions. 
There could also be other sources of ioniz- 
ing flux (1 3). 

Besides dictating the size of the helio- 
sphere, the value of n, has an observational 
implication inside the heliosphere, even 
though the interstellar plasma cannot itself 
enter it. Only neutral atoms can flow 
through the heliopause and enter the helio- 
spheric cavity. Theory predicts that neutral 
helium interstellar atoms flow through the 
shocks and heliopause without being decel- 
erated (Fig. 2), and this is indeed observed. 
By contrast, hydrogen atoms could be signif- 
icantly coupled to the decelerated interstel- 
lar plasma through charge-exchange reac- 
tions with the protons upstream of the he- 
liopause. H-HC charge-exchange is simply 
the capture by the proton Hf of the electron 
from neutral H, with the result that a new H 
with the same momentum as the initial 
proton is produced. Through this process 
undecelerated interstellar neutral hydrogen 
atoms are replaced by new atoms moving at 
the smaller velocity of the plasma. Helio- 
spheric models involving neutral gas coupled 
with the plasma (15-18) predict such a 
deceleration and a possible subsequent heat- 
ing of the neutral H when it enters the 
heliosphere, with a maximum effect along 
the stagnation line (sun-wind axis). 

We report here an observation of the 
neutral H velocity inside the heliosphere. 
Recently an HST-GHRS spectrum of the 
interplanetary H Ly-a emission line (Fig. 
3A) has been obtained as a by-product of an 
observation of the planet Mars (1 9). The 
spectral dispersion is only 1 km s-' per 
spectral bin, with a rectangular spectral 
spread of 20 km s-' for emission filling the 
aperture, and provides a much higher signal 
to noise detection than previously obtained 
with the Orbiting Astronomical Observato- 
ry Copernicus and the International Ultra- 
violet Explorer satellite (20-22). The mo- 
tion of the interplanetary flow with respect 
to the Earth red-shifts the weak interplan- 
etary emission line from the huge geocoro- 
nal emission. After correction for the geo- 
coronal contamination (22), the remaining 
interplanetary line profile is compared with 
a computer simulation of the emission line, 
assuming an initial bulk velocity of 20 km 
s-' before close solar gravitational interac- 
tion and ionization (Fig. 3B). The model is 
well centered on the data, whereas a model 
using 26 km s-' provides a poorer fit. The 
observed line is somewhat broader than the 
computed one. The temperature in the 
computed model is 8000 K (19) which is 
already higher than the helium and LIC 
temperature. We think the observed addi- 
tional broadening is mainly due to Ly-or 
multiple scattering effects in the solar sys- 
tem, which are expected to be more impor- 
tant when looking in the downwind direc- 
tion (to where the wind blows), as is the 
case for this spectrum. This broadening may 
explain the earlier IUE measurement (23). 

This new measurement fully confirms 
earlier measurements (20 + 1 km s-') of 
the bulk velocity of the H flow in the solar 
system obtained with a hydrogen cell (24, 
25), but in a more direct way. The magni- 
tude of the initial velocity and the question 
of equality or inequality of H and He 
velocities have been the subject of a 5-year- 
long debate, from which direct LIC velocity 
measurements and precise spectrometric 
observations of the neutral helium velocity 
were missing. The LIC detection and the 
Ulvsses in situ results ~ u t  an end to this 
coAtroversy. The two Ligh-resolution Ly-or 
measurements (H cell and direct GHRS 
spectrum) suggest that a significant fraction 
of the H flow, if not all of it, is decelerated 
by about 5 to 6 km s-' at the interface 
along the sun-wind axis. 

This measured deceleration provides 
important constraints on the characteris- 
tics of the plasma interface. The fraction 
of momentum transmitted to the inter- 
stellar neutrals bv the decelerated inter- 
stellar plasma is very sensitive to the local 
proton density of this plasma, and then 
to the unknown ambient interstellar me- 
dium proton density np. Existing helio- 
spheric interface models (1 7, 18) involving 
neutral gas coupled to interstellar protons 
provide estimates for the neutral hydrogen 

Fig. 2. Schematic view of the heliospheric in- 
terface between the solar wind and the ambient 
interstellar medium. SWS, solar wind shock; 
HP, heliopause; BS, bow shock. Plasma flows 
(solar wind and interstellar plasma), dashed 
arrows; neutral flows, solid arrows, Interstellar 
neutral helium is unaffected by crossing the 
interface. Hydrogen atoms are coupled with the 
decelerating interstellar plasma and are them- 
selves decelerated in the region between HP 
and BS boundaries. 
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deceleration as a function of the plasma 
density, and the observed 6 km s-' velocity 
decrease requires a plasma density n, of 0.06 
to 0.10 ~ m - ~ ,  depending on assumptions 
about the type of interface and the magnetic 
field intensity (26). Compared with the 
neutral H densitv of about 0.10 ~ m - ~ .  such 
a high value of n, implies large ionization 
fraction in the local medium. and has in turn 
important consequences for the confinement 
of the solar wind and the size of the helio- 
sphere. Assuming n, = 0.08 crnp3, the 
equality of pressures near the heliopause (1 1 ) 
requires the distance to the solar wind shock 
to be of the order of 100 AU, for the 
magnetic field and cosmic ray pressure quot- 
ed above (1 1, 14). The distance would be 
smaller if the pressure is larger, and it is small 
enough for the Voyager 1 spacecraft to reach 
the shock region before 2010 and record the - 
event if it remains in good health. 

A similar distance to the shock is sug- 
gested by two different observations. One 
estimate derives from the detection radio 
waves of 2- to 3-kHz frequencies, observed 
by Voyager (27) and interpreted as radia- 
tion trapped in the heliosphere (28) and 
reflected back and forth between the solar 
wind inhomogeneities and the compressed 
plasma behind the heliopause. The fre- 
quency of this radiation increases with time 

Fig. 3. (A) Hubble Space 
Telescope Goddard High- 
Resolution A Spectro- 
graph sky background 
spectrum at H Ly-a. The 
strongest emission is due 
to terrestrial hydrogen (the 
geocorona). The interplan- 
etary/interstellar hydrogen 
resonance emission is 
shifted because of the 
relative motion of the in- 
flowing gas with respect 
to the Earth. (B) After cor- 
rection fqr the largest 
part of geocoronal con- 
tamination (noise from a 
residual geocoronal sig- 
nal is visible between 
121.560 and 121.575 
nm) ,  the remaining inter- 
planetary line profile is 
compared with a com- 
puter simulation of the 
emission line, assuming 
an initial bulk velocity of 
20 km s-' (dashed line) 
and 26 km s-I (dots). 

in a way that is connected with the size of 
the heliosphere, through a sophisticated 
model that takes into account the large- 
scale inhomogeneities of the solar wind and 
its corotating structure. The second indica- 
tion is related to Voyager measurements of 
the galactic cosmic rays and the anomalous 
cosmic-rays, energetic particles thought to 
originate from inflowing interstellar neu- 
trals (He, N, Ne, 0, and C), singly ionized 
when entering the heliosphere, convected 
outward by the solar wind, and accelerated 
to high energy at the heliospheric shock. 
The density of these particles increases with 
increasing heliocentric distance. Through 
models of convection and diffusion of these 
particles in the spiraling solar magnetic field 
and solar wind structures. the observed 
density gradients are compatible with a 
close shock (29, 30). Compared to these 
two methods, measurement of the deceler- 
ation of the neutral H has the advantage of 
using more direct observations, and being 
easier to interpret through models that are 
almost independent of solar cycle effects 
and the evolving pattern of large-scale 
structure in the solar wind. 

Now that the velocity of the LIC has 
been identified. each absor~tion line can be 
assigned more securely to 'the LIC or to a 
different cloud, according to its observed 
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projected velocity. In particular, very high 
resolution UV observations of different ion- 
ization states of the same element should 
provide an independent determination of 
the plasma density. The high value estimat- 
ed from the deceleration of neutral H is at 
least four times larger than would be ex- 
pected from standard UV fluxes. A large 
ionization degree is likely to occur if, for 
example, the sun is close to the edge of the 
local cloud. where soft x-rav emission from 
the interface with the hdt gas becomes 
important (1 3), or if the local gas has not 
reached ionization equilibrium, as would be 
the case if there had been a supernova 
explosion in the sun's vicinity less than 5 
million years ago. The geometry of the LIC 
can also be determined. Assuming a con- " 
stant volume density, each column density 
measured from an absor~tion line in a 
stellar spectrum can be transformed into a 
cloud dimension in the direction of the 
star. From the data already collected (6), 
we know that the distance at which the 
interstellar gas velocity differs from the LIC 
velocity is much closer in the direction of 
motion of the sun than in the opposite 
direction, in agreement with the sun being 
at the edge of our cloud. Unlike the situa- 
tion described in Fred Hoyle's story "The 
Black Cloud," where the sun entered a 
dense interstellar cloud, with catastrophic 
consequences on Earth, one can estimate 
that the sun entered the tenuous LIC about 
200,000 years ago and will leave it in less 
than 100,000 years. It should then fairly 
soon enter a similar "cloudlet," the future 
LIC, probably after having spent some time 
traveling through the tenuous and hot gas 
of the Local Bubble. 
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Slow Magnetic Relaxation in Iron: 
A Ferromagnetic Liquid 

R. V. Chamberlin and M. R. Scheinfein 
The remanent magnetization of single-crystal iron whiskers has been measured from 1 0-5 
to 1 O4 seconds after the removal of an applied field. The observed response is accurately 
modeled by localized magnon relaxation on a Gaussian size distribution of dynamically 
correlated domains, virtually identical to the distribution of excitations in glass-forming 
liquids. When fields of less than 1 oersted are removed, some relaxation occurs before 

second has elapsed; but when larger fields are removed, essentially all of the 
response can be accounted for by magnon relaxation over the available time window. The 
model provides a physical picture for the mechanism and observed distribution of Landau- 
Lifshitz damping parameters. 

T h e  Landau-Lifshitz-Gilbert equations 
govern all classical ferromagnetic response 
mechanisms (1-3). Relaxation toward the 
local internal magnetic field (HI) is charac- 
terized by a dimensionless Landau-Lifshitz 
damping parameter a, which connects the 
free-electron gyromagnetic ratio, y = 1.76 
x lo7 s-' Oe-', to the observed relaxation 
rate, 117 = ayHI (note, 1 Oe = 103/4.rr A 
m-'; or, in vacuum, H = 1 Oe produces B 
= 1 G). Experimental values of a (-0.01) 
are usually determined from ferromagnetic 
resonance linewidths in H, - 1 kOe (4, 5),  
so that gyromagnetic precession occurs at 
microwave frequencies and T - lop9 S. 

Here we report magnetic relaxation mea- 
surements of single-crystal Fe whiskers in 
very low residual fields (HI < 1 mOe), so 
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that T - s is within the time window 
of our superconducting quantum interfer- 
ence device (SQUID) magnetometer. The 
primary response is accurately modeled by a 
Gaussian size distribution of localized inter- 
nal degrees of freedom (localized magnons) , 
virtuallv identical to the distribution of 
excitatibns in glass-forming liquids (6, 7). 
The model provides a physical picture for 
the mechanism and observed distribution of 
Landau-Lifshitz damping parameters. 

Classical ferromagnetic response mecha- 
nisms include domain switching, wall mo- 
tion, and magnon relaxation (8, 9). Do- 
main walls usually move quite rapidly, so 
that an equilibrium configuration is 
achieved within lop6 s. Most previous 
models for the "slow" (t  > lop5 s) response 
in magnetic rocks (1 0) , spin glasses (I I, 
12), and ferromagnets (1 3, 14) have con- 
sidered domain switching (domain inver- 

sion bv means of activation over an inter- 
mediaie barrier), where large domains with 
large barriers relax slowly. The key distinc- 
tion of our approach is that we consider the 
response of low-energy, internal degrees of 
freedom (examples include magnons, pho- 
nons, and polaritons) for which the energy- 
level spacing decreases with increasing do- 
main size. Our model gives better agree- 
ment with the observed resDonse from doz- 
ens of different materials, including 
magnetic relaxation in random ferromag- 
nets, spin glasses, and oxide superconduc- 
tors (7, 15) as well as the dielectric response 
or structural relaxation of liquids, glasses, 
polymers, and metals (6, 7, 16). Here we 
show that this model accurately describes 
the primary magnetic response of single- 
crvstal Fe. 

Although magnon-like internal degrees 
of freedom have been shown to dominate 
the slow relaxation of ferromagnetic EuS 
(1 7), the observed response was less than 
2% of the initial (in-field) magnetization; 
most of the relaxation occurred within 
s. Furthermore, negligible domain switch- 
ing might have been anticipated because 
EuS has highly isotropic localized spins with 
poorly defined static domain structure. In 
contrast, single-crystal Fe whiskers have 
well-defined macroscopic domains; hence, 
switching and wall motion should appear as 
conspicuous jumps in the net magnetization 
during relaxation. - 

We have measured the magnetization of 
single-crvstal Fe whiskers from to lo4 - ,  

s after removing an applied field, H. For H 
< 3 Oe, only smooth relaxation is ob- 
served. Small jumps (< ?2%) appear when 
H > 3 Oe, but they do not contribute 
significantly to the otherwise smooth re- 
sponse; essentially, all of the net change in 
magnetization can be accounted for by lo- 
calized magnon relaxation over the range 
lop5 to 10-2 s. consistent with the ob- 
served distribution and expectedly slow 
Landau-Lifshitz dam~ing rates. . - 

Single-crystal Fe whiskers are often in- 
vestigated as an ultrapure form of Fe (1 8). 
High-quality whiskers have a square cross 
section with length [(loo)-direction] much 
longer than width. Typical dimensions are 
5 mm by 0.1 mm by 0.1 mm. The static 
magnetic domain configuration consists of 
aligned regions that orient in diverse direc- 
tions to minimize the net dipolar energy of 
the sample. In zero field, a typical Fe 
whisker mav contain four macrosco~ic do- 
mains: one oriented longitudinally up one 
side of the whisker, another oriented down 
the other side, and one small closure do- 
main at each end (19, 20). In a small 
magnetic field applied along the axis of the 
whisker, the domain that is oriented in the 
direction of H grows at the expense of the 
oppositely oriented domain (21, 22). In 
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