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ABSTRACT

During the initial data reduction of the Wisconsin Ha Mapper (WHAM) Ha: Sky Survey, we have discovered
severa very long (~30°-80°) filaments superposed on the diffuse Ha background. These features have no clear
correspondence to the other phases of the interstellar medium revealed by 21 cm, X-ray, IR, or radio continuum
surveys, and they have no readily identifiable origin or source of ionization. In this Letter, the data for two of
these faint (I,,, = 0.5-1.5 R) structures are presented. The first is an 80° long, 2° wide arch that extends nearly
perpendicular to the Galactic plane at € = 225° and attains a maximum latitude of +51° near € = 240° before
reaching the southern boundary of our survey map at € = 270°, b = +42°. The vertical portion of this feature
between b =+10° and +25° is associated with a single radial velocity component centered at v, oo =+16 km
s * with a FWHM of 27 km s*. A decrease in the velocity is observed from b =+33° through +48° as the
feature arches toward higher Galactic longitudes. At this end, the emission component is centered near v, o =
—20 km s™*. Where this feature appears to meet the Galactic plane near € = 225°, it is directly above the H 11
region surrounding CMa R1/OB1. A second filament consists of a ~25°-30° long arc spanning € = 210°-240°
at b =+30° to +40°. The radial velocity of this feature increases systematically from 0 km s™* at € = 215°,
b=+38to +18 kms*at £ = 236°, b =+28°. Both features have rather constant intensities along their entire

lengths, ranging from 0.5 to 1.5 R (EM = 1-3 cm™® pc) with no obvious trends.
Subject headings: Galaxy: halo— Galaxy: structure— ISM: structure

1. INTRODUCTION

The Wisconsin Ha Mapper (WHAM) survey is providing
the first velocity-resolved map of the Ha emission from our
Galaxy's diffuse interstellar medium. The combination of
WHAM'’s sensitivity (less than 0.1 R) and velocity resolution
(12 km s™%) reveals new details about the large-scale structure
and kinematics of the warm ionized medium (WIM). Studies
of faint emission structuresin the WIM may help us understand
the distribution and morphology of the ionized gas and may
even provide direct evidence of ionization sources. In this Let-
ter, we present the discovery of two large, faint filaments in
our Galaxy.

2. OBSERVATIONS

WHAM consists of a dedicated 0.6 m all-sky siderostat con-
nected to a 15 cm double-etalon Fabry-Perot spectrometer. The
optical design delivers a spectrum covering a200 km s™* radial
velocity interva from a 1° circular patch of sky. For the Ha
Sky Survey, approximately 35,000 spectrawere obtained above
6 =—20° with the 1° diameter beam centered on a 0°98 x
0°85 grid in € and b. The integration time for each 1° pixel
was 30 s, which resulted in a signal-to-noise ratio of about 30
in background continuum regions of the spectrum. This allows
the detection of sourcesasfaint as0.1 R (1R = 10%4x photons
cm?stgtor24x 107 ergsecm st st a Ha) in a
single exposure. The etalons are configured to provide a spec-
tral resolution of 12 km s*, which is sufficient to identify and
remove atmospheric lines in the spectra and fully resolve the
Ha emission-line profiles from warm gas (T ~ 8000 K) in the
Galaxy. A detailed description of theinstrument designisgiven
by Tufte (1997).

Presented here are nearly 3800 of these spectra extracted
from the WHAM Ha Sky Survey. They cover the region of
the sky from € = 200° to 270° and from b =—10° to +60°
above § = —20°. Most of these spectra were observed by
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WHAM from 1997 February through 1997 May. These ob-
servations are designated “O1" below. A small portion (145
spectra) from € = 253° to 270° and from b =+47° to +60°
were observed in 1998 January and are labeled “O2" below.
Standard WHAM data reduction, including bias subtraction,
reflected ring subtraction, annular-summing, and flat fielding,
was used to create these spectra (Haffner, Reynolds, & Tufte
1998).

Atmospheric emission lines are a significant source of con-
tamination in WHAM spectra. The brightest of these, with
intensities ranging from 2 to 13 R, is the geocorona Hu line
emitted in the Earth’s upper atmosphere. Since the Earth’'s
orbital velocity changes the location of the velocity frame of
the local standard of rest (LSR) with respect to the geocentric
velocity frame, most directions in the sky were observed when
the geocoronal line was separated by at least 20 km s™* from
the LSR. This separation makes it easy to resolve therelatively
narrow (6-8 km s~* FWHM) geocoronal line from the Galactic
Ho emission and minimize its effect. The data presented here
have velocity separations of the geocoronal line from the LSR
that range from —24 to —42 km s* (O1) and from +14 to
+25km s (02). A single Gaussian component has been fitted
and subtracted from these spectra to remove the geocoronal
line.

Two other much fainter atmospheric emission lines, which
are believed to be extremely weak OH emission, are present
in the spectra. The first is located 71 km s™* to the red of the
geocoronal line (v, o =+27 to +45 km s in Ol); it has a
width of 23.5 km s™* and varies in intensity from 0.05 to 0.36
R. Deeper observations and the wide line width suggest that
this feature may be a pair of atmospheric lines. The second is
located 38 km s™* to the blue of the geocoronal line (v, & =
—64 to —82 km s in O1); it has awidth of 9.4 km s™* and
varies in intensity from 0.04 to 0.13 R. For this study, the red
sky line provides the most contamination near the LSR in O1,
and it has been removed by approximating it as a single Gaus-
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(a) —60 to +60 km s™*
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(b) —26 to —14 km s

270 260 250 240 230 220 210 200

(c) -6 to +6 km s™*
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(d) +14 to +26 km s™!
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Fic. 1.—A portion of the WHAM Ha Sky Survey. These pseudo-color images show the integrated Ho emission in four selected velocity bands. The axes are
Galactic longitude and latitude. The velocity bands are (a) v,z = —60 to +60 km s, (b) v, r = =26 to =14 km s, (C) v, = —6 t0 +6 km s, and (d)
v = 1410 +26 km s%. “Holes” in the images are pointings uncorrected for a bright stellar absorption line.

sian component. Variations in the line intensities are most se-
vere from night to night. Our corrections account for intensity
variations over 30 minute periods, which are typically 0.02 R.
Other faint atmospheric lines are present in O2 even further to
the blue from the geocoronal line. These features will not be
discussed here since they do not affect our study near the LSR.

A first-order polynomial fits the sky background well within
our 200 km s * bandpass. The typical level of the subtracted
background is approximately 0.03-0.07 R (kms™*)*or 1.4-3.2
R A%, which is dominated by atmospheric continuum emission
above |b| = 30°. Individual stars within the 1° beam brighter
than sixth magnitude contribute significantly to the background
in severa directions. Some of the spectra in these directions
also contain an Ha absorption line from the stars. These point-
ings are most noticeable in Figure 1 as isolated 1° diameter
depressionsin the otherwise smooth emission at higher Galactic
|atitudes.

Absolute intensity calibration is accomplished by frequent

observations of nebular sources. All WHAM intensitiesaretied
to the absolute intensity measurement of the North American
Nebula (NAN) (NGC 7000), 850 R within a 50" beam centered
at € = 85260, b = —0°71, as determined by Scherb (1981).
Since we have yet to apply the gamut of intensity calibrations
to our data, relative intensities quoted here are accurate to about
10%. The systematic uncertainty in the absolute scale (i.e., the
intensity of NGC 7000) is believed to be approximately 15%.

3. RESULTS

Figure 1 displays four velocity-integrated images of Ha
emission from our selected region of the sky. The two filaments
of interest are most easily seen in the narrow (12 km s™%)
velocity interval images, although their overall structure can
also be seen on the “broadband” map (Fig. 1a). The vertica
portion of the longest filament (filament 1) is most prominent
in the map centered onv, o, = +20 km s * (Fig. 1d), stretching
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Fic. 2—Longitude-velocity intensity map at b = +25°. Contour levels are
in units of 10° R (km s )% Filament 1 crosses b = +25° at ¢ = 225°,

nearly perpendicular to the Galactic plane along € = 225°. It
then extends toward higher Galactic longitudes, turning over
near b = +50° while shifting to more negative velocities in
Figures 1c and 1b. A second long filament (filament 2) can
been seen as an arc extending across the images near b = +30°
to +40°. Its peak emission moves from € = 220° in the
v x = —20 km s map (Fig. 1b) to € = 235° inthe v, o =
+20 km s* map (Fig. 1d). Other filaments are also apparent,
including the feature running from € = 205°, b = +25° to
€ = 220°, b = +30°. In this Letter, we focus primarily on the
80° long filament 1.

An €-v map is presented in Figure 2 along b = +25°. From
this representation, filament 1 appears to be a narrow (<2°)
feature at € = 225° that is offset in velocity from the smooth
emission present near the LSR at other Galactic longitudes. An
analysis of the spectra reveals that this velocity offset is about
+18 km s*. The spectrum of filament 1 averaged over six of
the WHAM pointings taken around € = 2255, b = +25%5 is
displayed in Figure 3 as a dashed line. Because the velocity
separation of the two components (Av =~ 20 km s islessthan
the typical Doppler width of WIM He lines (FWHM ~ 20-30
km s™), a straightforward two-component fit of this spectrum
is not well constrained. Instead, we attempt to isolate the fil-
ament from gas near the LSR by subtracting an estimate of the
general WIM contribution in this direction. The spectra of two
“background” regions taken at the same Galactic latitude are
also displayed in Figure 3 as dotted lines. These directions are
averages of nine pointings around € = 23220, b = +25° and
12 pointings around € = 220%5, b = +25%5. An average of
these spectra is subtracted from the average filament spectrum
to produce the final filament-only spectrum in Figure 3 (solid
ling). The resulting component is fit well by a single Gaussian
with amean of +18 = 2kms*, aFWHM of 27 = 6 kms ™%,
and an intensity of 1.2 = 0.2 R.

Using this method, we have determined fit parameters for
several directionsalong filaments 1 and 2 and present theresults
in Table 1. Regionsin which the filaments cross are deliberately
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Fic. 3—Filament and background spectraat b = +25°5. Intensity is plotted
against v, . Atmospheric lines have been removed. The dashed line is the
original emission toward the filament, the dotted lines are two background
directions, and the solid line is the background-subtracted filament emission
(see text). Theincreased noise near —40 km s *isaresidual of the geocoronal
Hea line, whose peak emission is centered near that velocity.

excluded. The accuracy of the filament component parameters
depends primarily on how well the background regions rep-
resent the true emission near v, o, = 0 km s™* in the filament
direction. The errors of the parameters listed in Table 1 are
conservatively estimated by examining subtractions of different
background directions from the filament spectra. The fitting
errors are an order of magnitude smaller and do not contribute
significantly. Note the velocity gradientsin both filamentswith
increasing Galactic longitude, decreasing from v o, +18 to
—25 km st in filament 1 and increasing from v, o, O to +18
km s in filament 2. Also note the nearly constant Ho inten-
sities and line widths.

4. DISCUSSION

Theintensitiesin Table 1 are converted to emission measures
using the formula

EM (cm™® pc) = 2.75 T2, (R)e?2EE~V)) 1)

where T, represents the temperature of the emitting gasin units
of 10* K. With typical values for the temperature of the WIM
gas, T, = 0.8 (Reynolds 1985), an Ha intensity of 1 R cor-
responds to an EM of 2.25 cm™® pc. Since we are examining
mostly high-latitude features, we expect corrections for inter-
stellar extinction to be small. No such correction has been
applied to the data presented here.

To derive further physical parameters for the filaments, we
must make an assumption about the distances to them. Some
evidence suggests that the lower part of filament 1 is a a
distance of about 1 kpc, based on itsradial velocity and possible
association with CMa RL/OB1. The lower portion has a radial
velocity of +16 km s™*, which is consistent with a kinematic
distance of approximately 1 kpc at this Galactic longitude for
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TABLE 1
FITTED FILAMENT PARAMETERS
Position Number of Averaged Mean FWHM Intensity
€, b) Spectra (km s™) (kms™) (R)

Filament 1
(2255, +020)° ...... 5 +140 + 01 325+ 01 591+ 01
(2270, +1022) ...... 9 +18 + 2 23+ 4 09 +£ 01
(225%5, +1227) ...... 9 +16 = 2 24 + 4 11 + 04
(225°0, +15%3) ...... 6 +18 + 2 22 + 3 06 £ 01
(225°0, +17°8) ...... 6 +16 + 3 26 + 6 0.6 £ 0.2
(225%0, +2024) ...... 6 +16 = 1 3_B3+2 14 = 0.1
(2255, +25%) ...... 6 +18 + 2 27 £ 6 12 + 02
(22723, +3321) ...... 12 +9 + 3 20 + 2 06 =+ 01
(22723, +35%7) ...... 10 +6 + 1 2 +1 05+ 01
(22723, +3822) ...... 10 +4 + 3 25+ 2 05 + 04
(22723, +40%8) ...... 11 0+x4 24 + 6 04 + 0.2
(22723, +43%3) ...... 11 -1+3 23+ 2 06 = 0.1
(22923, +45%9) ...... 9 -8+1 25 +1 04 £ 01
(23126, +4824) ...... 11 -18 + 1 22 + 3 05 + 01
(23420, +50%5) ...... 7 -2 +1 2 + 4 06 + 0.1
(23920, +51°0) ...... 9 -25+ 3 26 + 4 06 = 0.1

Filament 2
(215°3, +36%) ...... 6 0+3 31+1 12 + 04
(21728, +37%5) ...... 6 -1=+1 26 +1 13 £ 03
(220°5, +375) ...... 6 -2=*1 27 £ 2 10 = 04
(230°3, +35%) ...... 6 0+4 2 + 6 04 + 0.2
(23223, +34%8) ...... 6 +1+1 29 +1 0.7 = 0.1
(23423, +330) ...... 6 +13 £ 1 31+1 04 =+ 01
(23620, +30%5) ...... 8 +18 + 2 37+ 1 10 + 0.1

2 This direction is toward the H 11 region surrounding CMa R1/OB1.

a value of Oort’s constant A = 16 km s kpc™* (Mihalas &
Binney 1981). Unfortunately, this argument is weakened by
the radial velocities of the filament's high-latitude portion,
which are“forbidden” in the Galactic rotation model. However,
in Figure 1d (v, o = +20 km s7%), the vertica portion of fil-
ament 1 appearsto end in the prominent H 11 region surrounding
the star-forming association CMa R1/OBL1. In fact, the center
of the brighter, arc-shaped, Ho: emission features in this H it
region, as seen on the Palomar Sky Survey red plates, is at
€ = 225°, b = —1° (Reynolds & Ogden 1978). Also, the ve-
locity centroid of the H 11 region (Table 1) is similar to that of
the first 15°-20° of the filament away from the plane. Unless
the agreement between the spatial and velocity information of
these two regions is a coincidence, we can use the distance of
the H 11 region as an estimate of the distance to the filament.
The distance to the CMa OB association has been determined
photometrically by Claria (1974) to be 1150 + 140 pc, which
is consistent with a kinematic distance of 800-1100 pc for the
Ha-emitting gas in the region (Reynolds & Ogden 1978). In
this Letter, we adopt a distance of 1 kpc for filament 1 but
include d, = d/1 kpc in the derived parameters.

At a distance of 1 kpc, the vertical extent of filament 1
(b= +51°) trandates to a vertical height above the Galactic
midplane Z of 1200 d, pc and a width (=2°) of 35d, pc. If we
assume the filament is a cylinder of uniform density gas of
width L, then the emission measure,

L

EM (cm™® pc) = f nZ2d = nZL, 2

0

of the feature can be used to estimate the density. For filament
1, where L=35d, pc and EM=11 cm™® pc, n,=
0.18d; ¥? cm™2. The typica column density through the fila-
ment is N, = 1.9 x 10 d? cm 2 The mass of the material

in the filament's vertical section can be estimated by
1.4m,ZL%n, = 9.2 x 10°d* M, where the factor 1.4 is a
correction for helium. If the filament is photoionized, our ob-
served EM implies an incident ionizing flux of at least
agEM = 1.0 x 10° photons cm ? s *. The hydrogen recom-
bination rate within the filament is given by ozn? = 1.0 x
10 d;* cm ® s, which implies that the power required to
sustain this rate throughout the volume of the filament is
(gn?ZL?) x 13.6 &/ = 9.4 x 10*d? ergs s *. The vaue of
g used in these calculations, 3.10 x 107" cm® s7%, is inter-
polated from Osterbrock (1989) assuming a gas temperature of
8000 K.

The narrow shape and location of filament 1, particularly the
coincidence in location and radial velocity of one end of the
filament with an energetic source in the plane (CMa R1/OB1),
suggest one possibility for its origin: ajetlike gjection from the
association. However, given the length of the filament at the
distance of CMa R1/OB1, the apparently low velocities as-
sociated with it (Table 1), and the near constant Ha intensity
profile along its entire length, it is difficult to reconcile a sce-
nario in which ionized hydrogen is being gected from CMa
R1/OB1 with the gas's short recombination times. A parcel of
ionized gas at these temperatures and densities will recombine
in t = (agn,) " =18 x 10°d{? s=57 x 10°d}? yr. To
reach the observed height and remain ionized, the gas would
need to be ejected at speeds in excess of Z/t, = 1400 d¥? km
s . We see no evidence for such speeds in our data. Further-
more, we would expect a significant gradient in the filament’s
intensity as afunction of height above the Galactic plane, since
gas at larger distances from the plane has had more time to
recombine.

If another sourceisresponsiblefor maintaining theionization
of filament 1, an gjection scenario could still be plausible. If
the filament’s arc shape is caused by free-fall of gected gas
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back to the Galactic plane, an initia velocity of about 70 km
s *isrequired to reach the observed height above the plane at
the distance of CMa R1/OB1. Such speeds agree better with
the measured filament component velocities in Table 1, partic-
ularly when projection effects are considered. However, the
filament's length would then require that the gjecting source
be more than 3 x 107 yr old. This number can be compared
to estimates of 3 x 10° yr for the age of CMa OB1 by Claria
(1974) and 7.6 x 10° yr for the age of a supernova put forth
by Herbst & Assousa (1977) asbeing responsiblefor generating
the ring-shaped Ho nebulosity in the vicinity of CMa OB1/R1
and for being the progenitor of star formation in the R1 as-
sociation. In this scenario, a diffuse ionization source is prob-
ably required to maintain a constant intensity along the fila-
ment, since the growing distance from CMa R1/OB1 would
produce an intensity gradient if it were the sole source. The
efficiency of leaking Lyman continuum radiation from the disk
is a long-standing problem for ionizing a thicker layer of the
Galaxy. However, Bland-Hawthorn & Maloney (1998), Dove
& Shull (1994), and Miller & Cox (1993) have argued that a
substantial ionizing flux can diffuseinto the Galaxy’ shalo from
the disk. The required ionizing flux of at least 1.0 x 10° pho-
tons cm 2 s™* is consistent with these models.

Several other phenomena may produce large, faint filaments.
Large-scale, kinematic Galactic structures such as superbub-
bles, chimneys, or worms have been popular explanations for
filamentary structures seen in H 1 aswell asin Ha (e.g., Koo,
Heiles, & Reach 1992; Reynolds & Ogden 1979). The velocity
gradient of filament 1 is outside the range expected from a
simple model of Galactic rotation and therefore may be evi-
dence for a dynamical influence on the filament. However, the
observed velocity gradient is inconsistent with this feature be-
ing the edge of an expanding shell, since a shell’s projected
edges should be at a constant radial velocity. Furthermore, for
the two cases presented here, we find no obvious correlation
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between these Ho filaments and emission at other wavelengths,
including H 1 21 cm, ROSAT All-Sky Survey X-Ray, and IRAS
bands, making it difficult to relate them to previously identified
H 1 “worms’ and superbubbles. Since the Leiden/Dwingeloo
H 1 survey is sengitive to below 5 x 10" cm 2 (Harmann &
Burton 1997), the ionized column density of the filament,
2 x 10" cm™?, suggests that the gas is fully ionized. Other
possibilities include a suggestion by Dupree & Raymond
(1983) that faint, ionized trails of ionized hydrogen could be
produced by high-velocity white dwarfs. However, the recom-
bination time discussed above suggests unreasonabl e velocities
for the star.

In summary, we present the discovery of two long, faint Ho
filaments at high latitudes from the WHAM Ha survey. Their
origin is not yet identified, but the existence of such features
may help to explain processes responsible for the maintenance
of the general WIM layer. As additional portions of the Ha
survey are reduced, new clues about the nature of these struc-
tures may be revealed. We plan to follow these observations
with [S 1] and [N 11] observations of this region. Additional
observations will provide information about the gas's temper-
ature and ionization state, which are useful in narrowing the
kinds of processes that can be producing these filaments.

We thank Kurt Jaehnig and Jeff Percival of the University
of Wisconsin’s Space Astronomy Lab for their dedicated en-
gineering support of WHAM; Nikki Hausen, Mark Quigley,
and Brian Babler for data reduction support; and Trudy Til-
leman for essential night-sky condition reports from Kitt Peak,
which have made remote observing possible. We acknowledge
the use of NASA’s SkyView facility, located at NASA Goddard
Space Flight Center and the SIMBAD database, operated at
CDS, Strashourg, France. This work is supported by the Na-
tional Science Foundation through grants AST9619424 and
AST9122701.

REFERENCES

Bland-Hawthorn, J., & Maloney, P R. 1998, ApJ, submitted

Clarig J. J. 1974, A&A, 37, 229

Dove, J. B., & Shull, J. M. 1994, ApJ, 430, 222

Dupree, A. K., & Raymond, J. C. 1983, ApJ, 275, L71

Haffner, L. M., Reynolds, R. J., & Tufte, S. L. 1998, in preparation

Hartmann, D., & Burton, W. B. 1997, Atlas of Galactic Neutral Hydrogen
(New York: Cambridge Univ. Press)

Herbst, W., & Assousa, G. E. 1977, ApJ, 217, 473

Koo, B.-C., Helles, C., & Reach, W. T. 1992, ApJ, 390, 108

Mihalas, D., & Binney, J. 1981, Galactic Astronomy: Structure and Kinematics
(2d ed; New York: W. H. Freeman & Co.)

Miller, W. W,, 1l1, & Cox, D. P 1993, ApJ, 417, 579

Osterbrock, D. E. 1989, Astrophysics of Gaseous Nebulae and Active Galactic
Nuclei (Mill Valley: University Science Books)

Reynolds, R. J. 1985, ApJ, 294, 256

Reynolds, R. J., & Ogden, P M. 1978, ApJ, 224, 94

. 1979, ApJ, 229, 942

Scherb, F 1981, ApJ, 243, 644

Tufte, S. L. 1997, Ph.D. thesis, Univ. Wisconsin-Madison




