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ABSTRACT

The results of diffuse far-ultraviolet observations of the Loop I/North Polar Spur (NPS) region are presented
in this Letter. Several important ionic emission lines, includingvC Si 1i*, Si 1v, and Al 11, were detected.
Fluorescent emission lines from hydrogen molecules were also seen in the spectra. A spectral image made with
C 1v emission shows a shell-like feature colocated with the X-ray NPS. This feature is located just inside the
Loop | radio ridges. Another interesting © feature is seen at the inner edge of the “interaction ring,” where
the cold interstellar medium is in direct contact with the X-ray—bright hot gas. The present observation is in
good agreement with a model of recent supernova explosion in an inhomogeneous medium, possibly disturbed
by previous multiple supernova explosions.

Subject headings: ISM: bubbles — ISM: individual (Loop I, North Polar Spur) — supernova remnants —
ultraviolet: ISM

1. INTRODUCTION the LB in a realistically evolving ambient medium (Breit-
schwerdt & Avillez 2006). According to the model, Loop | and

identified as the ridges of an enhanced continuum emission inthe LB were generated in the inhomogeneous background in-

radio wavelengths near the northern Galactic pole (Quigley & terst_ellar medium, disturbed already by multiple supernova ex-
Haslam 1965). Subsequent observations revealed its proximityp losions for 200 Myr. T_he|r res_ult nc_)tonly reproduces observed
to the solar syétem with a distance-af20 pc (Bingham 1967) features such as the interaction ring of the two superbubbles
It was also shown to have a large angular size bf6 (Berk- " butalso gives the Q1 colu_mn den§|ty for the LB in excellent
. agreement with observations, with the age of the LB con-
huijsen et al. 1971). ;
The region was soon found to emit enhanced soft X-rays strained to be-14.5 Myr. L ; . .
(Bunner et al. 1972ROSAT observations later revealed that the Hence,.the Loop I./NPS region Is an interesting objegt where
NPS region Was filléd with a hot gas, with a prominent feature a hot gas interacts with a cool and denseiterstellar medium.
shown to be located inside Loop | rid,ges in 2 0.75 keV soft X- This provides a good opportunity for the study of the evolution
X Snowden et al. 1995). The origin of .the hot gas waso.f a superbubble or supernova remnant. The reSl_JIts of far-ultra-
ray |r|1|1age '(b nO\év o ' 9 losion (C d% violet (FUV) observations of this object made with the Spec-
|n||t|ai193;gttrlsute LO asingle s#pernova explosion (Cru acg’ittoscopy of Plasma Evolution from Astrophysical Radiation
al. ').kl ogn, ovgever, ot Ier s_glen?rloitsh_wehre sugggstte Ft PEAR), also known as the Far-Ultraviolet Imaging Spectro-
\évféfnqllé'clwén ?fég%) Tgrgszg?r?;tzsggongsuugeern% \/Js(rfémr?; raph (FIMS) are reported in this Letter. Several important ionic
shockpacjjacent to the IF\)IPg such as Loop IV, ma)F/) be responsiblesmiSSion- lines, including Qv ar_1d Sim, were detected, and
for the bright X-rays associated with the NPS. Egger (1995) pectral images for these two lines were constructed.
argued that the object could be a superbubble filled with a shock-
heated gas produced by stellar winds or successive supernova
explosions in the Scorpio-Centaurus (Sco-Cen) OB association, SPEAR/FIMS is a dual-channel FUV imaging spectrograph
which is located~170 pc from the solar system and is located (“Short” wavelength channel [S] 900-1180 |, “Long” channel
inside the Loop . In this scenario, the asymmetric appearancelL] 1330-1720A ;A/AN ~ 550) with a large field of view (S
of Loop | was attributed to an off-center explosion of the most channel: 4.0 x 4.6, L channel: 7.5 x 4.3') and an imaging
recent supernova approximateyx 10°  yr ago (Egger 1995). resolution of 5-10 along the slit. It is designed to observe
Egger & Aschenbach (1995) also noted the possibility of a diffuse FUV emission lines. SPEAR/FIMS was launched on
collision of a Loop | superbubble with the Local Bubble (LB), 2003 September 27 on the Korean microsateSfteAT-1. Ad-
a cavity filled with hot tenuous plasma ®f~ 10° K that sur- ditional information concerning the instrument, mission, and
rounds the solar system (Cox & Reynolds 1987). They argueddata analysis procedures are given in Edelstein et al. (2006a,
that the dense toroidal shell seen in the radio image, which is2006b). As the main purpose of the present Letter is to construct
coincident with a region of low X-ray emission well inside spectral images for the & and Sii* emission lines, only the
Loop |, is the interaction zone (“interaction ring”) of the two L channel data was analyzed.
superbubbles. Recently, high-resolution hydrodynamic simu- The present analysis of the Loop | region was based on the
lations have been carried out for the interaction of Loop | and 430 orbits of sky-survey data made between March 12 and
July 8 of 2004. As Loop | occupies a vast region close to the
* Korea Advanced Institute of Science and Technology (KAIST), 373-1 north Galactic pole, nearly 25% of all observations in sky-
Guseong-dong, Yuseong-gu, Daejeon 305-701, South Korea; yharock9@spacgurvey mode passed through this giant target when sweeps were
-k%'sé-oar‘;';“A stronomy and Space Science Institute (KASI), 61-1 Hwaam-don made along constant ecliptic longitudes from the north ecliptic
Yuseong-gu, Daejegn 305_5’48’ South Korea. : 9 pole to the sou_|th_ ecliptic pole throug.h th_e antlsolar point. The
s Space Sciences Laboratory, University of California, Berkeley, 7 Gauss @nalysis was limited to the halo region including NPS above
Way, Berkeley, CA 94720. the Galactic latitudeb = 25° and bounded by the Galactic
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The Loop I/North Polar Spur (NPS) region was initially

2. OBSERVATIONS AND DATA REDUCTION
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Fig. 1.—Spectrum of the entire region selected for this study. The original spectrum was binned with a widkh of 1
scale of 1A . The error bars range from 12 to 29 CU (continuum intensity units, photoRscnsr TA- 1), which are small compared to the observed intensities.

longitudesl = —90° and+9C, although Loop | extends to  width (FWHM) is 1A. Removed from the original spectrum
the southern hemisphere. The halo region is less contaminatedvas the short-wavelength region below 13%0  as well as the
than the low-latitude region by emissions from brlght stars, long-wavelength region above 1680 , which were contaminated
which are difficult to separate from diffuse emissions. Addi- by the Or airglow line at 1356 and a relatively large detector
tionally, the bright X-ray region below = 25° has been as- background at long wavelengths, respectively. What remains of
sociated with the Galactic bulge (see, e.g., Sanders et al. 1993)the spectrum shows clearly several ionic emission lines, includ-
The total exposure time for the selected region was3 x ing Si * A1533 and Civ AA1548, 1551 emission lines. A
10* s, and the average exposure time for each pixel was 9.4 scompanion of Six at 1527A is not seen, most likely due to
with a maximum of 48.4 s. resonant scattering as 8iA1527 is the transition to the true
Data reduction was carried out as follows: First, to avoid ground state and is likely to be optically thick in a warm ionized
contamination from bright O and B stars, events observed with medium (WIM; Korpela et al. 2006). The prominent peak at
a count rate higher than 1000 counts,swhich represents 1671A is attributed to Ali. The wiggles near 1408  appear
nearly 13 times the median count rate for this region, were to be O1v] multiplets blended with a Siv doublet. The peak
removed. This procedure removed.3% of the total photon  at 1640A may corresponds to Heand the Or airglow. The
events. The photon and exposure events were then binned usingmission line at 160é s identified as a fluorescent emission
the equal-area Hammer-Aitoff projection in Galactic coordi- from molecular hydrogen.
nates, and a three-dimensional count rate arralg, (\) with In Figure 2, the results of the L channel continuum map (1370-
102 x 1°2 spat|al bins and A wavelength bins was created. 1690A) and the spectral |mages made with thev@nd Sim*
A spectral image was obtained by taking a portion of the spec- emission lines are shown, as is the khap. The Qv image was
tral data around the emission line of interest from each pixel constructed by fitting the spectral data in the 1532—-1468 range
and fitting this with a constant continuum plus a Gaussian from each pixel with two Gaussian profiles centered at 1548 and
function. Spectral resolution at the given line was employed 1551 A , respectively, with the line rati&l548 :A\1551 = 2 : 1
as the width (FWHM) of the Gaussian function. The finalimage The SIII* line was fitted for the spectral range of 1528-1548
was constructed using the method of adaptive smoothing towith asmgle Gaussian proflle centered at 1833 . The high- |nten3|ty
increase the signal-to-noise ratio (S/N; Seon et al. 2006). Thefeatures in these spectral images, especially those shown in blue,
Gaussian smoothing scale varied from°i@ 6°. are all with S/N> 3, while some of the features in yellow with
intensity<2000 LU (line intensity units, photons cés * sr*) have
S/IN< 2. The Hx map was adapted from Finkbeiner (2003). Also
shown in Figure 3 are |mages seen in 0.75 keV X-rays, 0.25 keV
Flgure 1 shows the L channel spectrum for the entire reglon X-rays, 21 cm H emission, and 10@m infrared, for Companson
selected in this study, smoothed with a Gaussian function whoseThese maps were adapted from the archival data of the SkyView

3. ANALYSIS AND RESULTS
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Fic. 2.—SPEAR/FIMS spectral images of Loop I/NPS and the ambienthalo  Fic. 3.—Images of the same region shown in Fig. 2 in other wavelengths,
region together with the &l map. The solid curve and the two dashed curves adapted from the archival data of the SkyView Observatory (McGlynn et al.
represent the radio Loop | and the interaction ring, respectively (Egger & 1998). @) RASS 0.75 keV map (Snowden et al. 19953)) RASS 0.25 keV

and smoothed with a Gaussian smoothing

Aschenbach 1995)aJ SPEAR/FIMS continuum mapb) SPEAR/FIMS Civ
map; €) SPEAR/FIMS Si* map; (d) Ha map (Finkbeiner 2003). The &
NPS is marked by a dashed white line In).(

map (Snowden et al. 1995))(N, map (Dickey & Lockman 1990);d) SFD
100 um map (Schlegel et al. 1998). The X-ray NPS and sthell are marked
by dashed white lines in botlaY and €), respectively.
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Observatory (McGlynn et al. 1998); they are, respectively, from the be 5384+ 147 LU, which is comparable to the values obtained

0.75 and 0.25 keYROSAT All-Sky Survey (RASS) maps (Snowden
et al. 1995), the Dickey & Lockman maps (Dickey & Lockman

by Martin & Bowyer (1990) for a halo region that varied from
2200 to 5700 LU.

1990), and the Schlegel-Finkbeiner-Davis (SFD) maps (Schlegel et As shown in Figure B, the C1v NPS appears to be an
al. 1998). In these figures, the radio continuum of Loop | is indicated incomplete shell similar to that seen in the 0.75 keV X-ray

by a solid line, and the boundaries of the interaction ring by two
dashed lines, inside of which is a region wit(H 1) >7 x
10%° cm?, in accordance with the definition of Egger & Aschen-
bach (1995).

As shown in Figure &, the intensity of the FUV continuum

image. It is colocated at the X-ray NPS, a feature expected
from the interaction of a supernova remnant with an ambient
interstellar medium. Egger (1995) proposed that the radio Loop
| shell can be explained by the stellar winds from the Sco-Cen
association with a dynamical age e2 x 10" yr. He also

increases gradually toward the lower Galactic latitude and argued that the X-ray emission from the interior of the neutral

peaks at the center. A similar trend is also seen in thentdp
of Figure 21, while the dust map of Figured3more strongly
resembles the continuum map, implying that the FUV contin-

shell may be attributed to a recent supernova event within the
association through the tenuous medium in the radio Loop |
shell; the resulting age of the remnant in this case is 2

uum in the present case is primarily due to the scattering of 10° yr. According to a simulation study by Shelton (1998, 1999)

starlight by dust. The bright spot nedr ) = (315, +50°)
in Figure 2 corresponds to the Hk region ionized by the

that is relevant to the evolution of a supernova remnant in a
lower halo region, a cool shell develops behind the shock front

nearby (88 pc) B-type star Spica (Reynolds 2004). It is seenat the end of an adiabatic phase, and a hot supernova bubble

that the same region is bright inakl while there is no coun-
terpart in the dust map.

The C1v map of Figure B shows a well-defined high-
intensity region close to Loop k(solid curve), whose bound-
ary is indicated by a dashed white line. This Y€ NPS” is
colocated with the X-ray NPS seen in the 0.75 keV map
shown in Figure &8 The Civ NPS looks disconnected in the
middle { = 15°,b = +45°) because of the low S/N there.
Another interesting Gv enhancement is seen near the inner

edge of the interaction ring, at the interface between the high-

density Hi tail of the interaction ring (Fig. § and the region
of the enhanced 0.75 keV X-ray below the interaction ring
(Fig. 3a). Also observable are a couple of local patches of
enhanced Qv emissions outside Loop I, in the vicinity of

bright 0.25 keV X-ray regions. These patches have no coun-

terparts in the 0.75 keV X-ray map. In effect, aside from the
bright patches, the general background intensity a¥ ©ut-

side Loop | is essentially identical to that inside Loop |, as
in the 0.25 keV X-ray map, while the 0.75 keV X-ray map

shows marked enhancement only inside Loop I. In addition,

slowly radiates away what remains of its energy. Hence, the
remnant appears to be strongly edge-brightened in the FUV
emission from highly ionized species such asvCwhile the
central region is filled with hot gas, which appears bright in
X-rays. In the present case of Loop I, much of the X-ray emis-
sion from the central hot gas appears to be blocked by the
interaction ring.

The intensity of the Qv NPS is estimated to be nearly
8000 LU, including the contribution from the diffuse compo-
nent as the background or foreground, which~8400 LU.

The remaining 2600 LU may come purely from the NPS. We
note that the source inherent intensity before extinction could
be even higher. These estimations are higher than the values
obtained from the model study of Shelton (1998) in which
1600-940 LU is expected from the supernova remnant of the
age betweed x 10° an@d.5x 10° yr. However, it should be
noted that the surrounding medium of the NPS might have
been denser than the value (0.01 émmodeled in the simu-
lation, as it was close to the preexisting Loop | ridges. In fact,
Egger (1995) showed that the density of the preexisting tenuous

it is notable that the central region at lower Galactic latitudes medium ofn, = 0.63 cm?®could explain the observed velocity

is void of C1v emissions, as in the 0.25 keV X-ray map,
whereas this region is filled with lHand dust.

The Sin* map in Figure 2 is very different from that of the
C1v. First, it should be noted that thei€ or X-ray—bright NPS
region is not bright in Sir*. Instead, bright patches of $i*

of the H1 shell of ~21 km s™.

The recent simulation study of Breitschwerdt & Avillez
(2006) may provide a more realistic model for the region of
Loop | and the LB. According to the simulation, the temper-
ature of the Loop | shell is10°2 K at the present epoch, which

are more prevalent around the interaction ring in the westernyields the emission measure 0.75 ¢npc for the observed

part of Loop I. Second, Si* is most bright in the Hir region

intensity of Civ NPS, assuming collisional ionization equilib-

of Spica and in the central region of low Galactic latitudes where rium (Mazzotta et al. 1998) and cosmic abundance. Further

dust is thick. These results are not untenable, ag & known
to trace aWIM T ~ 10* K) such as an hiregion, while silicon
is also believed to condense to form dust grains.

4. DISCUSSION

It is shown in Figures R and Z that C1v and Sin* en-

assuming the path length through the shell to be 150 pc along
the line of sight (Breitschwerdt & Avillez 2006; Willingale et

al. 2003), we estimate the shell density to4207 cm®. The
result is comparable to the value of X-ray analys®3,03 cm®
(Willingale et al. 2003). We thus conclude that thevintensity

from the NPS is in reasonable agreement with the model of a
supernova remnant in an inhomogeneous interstellar medium,

hancement is widespread over the entire region selected for thepossibly disturbed by previous multiple supernova explosions.

present study, as in the case of the 0.25 keV X-ray, which is
believed to come from the LB, a Galactic halo, and a com-

bination of solar charge exchange (Bellm & Vaillancourt 2005).
Previous observations of & and Ovi1 have revealed a prev-

Another interesting Gv emission feature is that at the inner
edge of the tail section of the interaction ring in the western
region of the low Galactic latitudes. Thisi€ enhancement may
be due to thermal conduction or, more likely, turbulent mixing

alent but irregular distribution of these highly ionized species as the supernova-induced flows are highly turbulent (Breit-

in the halo region (Martin & Bowyer 1990; Savage et al. 2003).
In the present Gv map, it was found that more than 60% of
the pixels showed a positive detection of this ion with S/N

schwerdt & Avillez 2006; Slavin et al. 1993). Patches ofiSi
enhancement are also seen in the vicinity of the interaction ring
in the western region. However, they seem to have originated

3; less than 20% of them showed null detection. The averagefrom the foreground compared with the interaction ring, as back-

C 1v intensity of the region outside Loop | was estimated to

ground emissions are mostly blocked by the dense interaction
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ring. These enhanced f patches may originate from the low-  feature at the inner edge of Loop |, coincident with the hot X-
temperature (18-1C*° K) local H 1 clouds detached from the ray region, shows cooling at the limb of a hot gas. This hot gas
interaction ring (Breitschwerdt et al. 2000). The two brightvC  is generated by a supernova explosion in the preexisting inho-
patches in the eastern region of Loop | do not appear to bemogeneous medium. It was also observed that thegbnission
associated with the “H shell” seen in Figures@ In contrast, is prominent at the boundary between the hot X-ray gas and the

Slavin (1989) calculated some of the strongest emission linescool interaction ring, where turbulent mixing of the two gases

from local clouds and obtained 278 LU fori€, which is much
less than the observed intensity in the present study.

5. CONCLUSION

is likely to occur. On the other hand, 8i toward the interaction
ring may arise from a local IHcloud, such as the local interstellar
cloud.

SPEAR/FIMS is a joint project of KAIST, KASI, and the

We have presented the results of FUV observations of the University of California, Berkeley (UCB). It is funded by the

Loop I/NPS region, including the ambient halo region, with a
total of 180 x 65° sky around the north Galactic pole. ArC
image confirmed that this region is filled with a hot gas, pre-
viously shown by X-ray observations. A shell-likaCemission

Korean Ministry of Science and Technology and by NASA
grant NAG 5-5355. NASA'’s SkyView facility was utilized as
part of this study (http://skyview.gsfc.nasa.gov). The authors
appreciate the referee for helpful comments.
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