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Resolving the Structure of lonized
Helium in the Intergalactic
Medium with the Far Ultraviolet

Spectroscopic Explorer

G. A. Kriss,"2* }. M. Shull,® W. Oegerle,* W. Zheng,?

A. F. Davidsen,? A. Songaila,® ). Tumlinson,? L. L. Cowie,®
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J. B. Hutchings,® E. B. Jenkins,® J. W. Kruk,2 H. W. Moos,?
D. C. Morton,® K. R. Sembach,? T. M. Tripp®

The neutral hydrogen (H 1) and ionized helium (He 1) absorption in the spectra of
quasars are unique probes of structure in the early universe. We present Far-
Ultraviolet Spectroscopic Explorer observations of the line of sight to the quasar
HE2347-4342 in the 1000 to 1187 angstrom band at a resolving power of 15,000.
We resolve the He Il Lyman a (Lya) absorption as a discrete forest of absorption
lines in the redshift range 2.3 to 2.7. About 50 percent of these features have H
I counterparts with column densities N,, , > 10"23 per square centimeter that
account for most of the observed opacity in He Il Lyo.. The He Il to H | column density
ratio ranges from 1 to >1000, with an average of ~80. Ratios of <100 are
consistent with photoionization of the absorbing gas by a hard ionizing spectrum
resulting from the integrated light of quasars, but ratios of >>100 in many locations
indicate additional contributions from starburst galaxies or heavily filtered quasar
radiation. The presence of He Il Lya absorbers with no H | counterparts indicates
that structure is present even in low-density regions, consistent with theoretical
predictions of structure formation through gravitational instability.

The intergalactic medium (IGM) is the gas-
eous reservoir that provides the raw material
for the galaxies that dominate our view of the

visible universe. By observing distant bright
objects such as quasars, we can explore the
IGM by examining the absorption features it

imprints on the transmitted light. These ab-
sorption features trace structure in the uni-
verse at epochs intermediate between the ear-
liest density fluctuations seen in the cosmic
background radiation and the distribution of
galaxies visible today. The distribution of
absorption features according to redshift (z)
and the column densities of gaseous material
in different ions reveal the structure of the
IGM and its density and ionization state.
From the ionization state of the gaseous spe-
cies, we can also infer the processes respon-
sible for ionizing the gas (e.g., radiation from
quasars in the early universe or from early
bursts of star formation).

The lack of smooth Lya absorption by H
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I in quasar spectra (/) led to the conclusion
that any diffusely distributed gas must be too
highly ionized to be visible. Discrete absorp-
tion features were so plentiful, however, that
they were dubbed the “Lyman o forest” (2).
Because ionized helium (He™) is more diffi-
cult to ionize than hydrogen (ionization po-
tential of 54.4 eV versus 13.6 eV) and recom-
bines faster, its abundance in the IGM is
expected to be higher. Searches for a diffuse
component of the IGM therefore concentrat-
ed on absorption from He II Lya A304 A (3).
This absorption was first observed using the
Hubble Space Telescope (HST) (4) along the
line of sight to the quasar Q0302-003 (z =
3.29). The observation showed the IGM to be
essentially opaque at redshifts of z ~ 3, and it
seemed possible that the material in the H I
Lya forest was sufficient to account for the
He 1I opacity (5). However, because no dis-
crete He 1I features could be observed, this
required several assumptions. Measurement
(6) of the He™ opacity at lower z, using the
Hopkins Ultraviolet Telescope (HUT),
showed a translucent medium with He II op-
tical depth 7 ~ 1 at z ~ 2.4. The HUT
observations were of insufficient spectral res-
olution to detect discrete He II absorption
features. However, models of the sight line
toward the quasar HS1700+64 (z = 2.72)
required a substantial contribution to the He II
opacity from He™ that was more smoothly
distributed than the known H I Lya absorbers
(6, 7), and improved HST observations of
Q0302-003 also required more He 1I opacity
than that predicted by the H I absorption (8).
Resolution of these inconsistencies requires
observations at higher spectral resolution.

Recent theoretical studies view the high-
redshift IGM as a tracer of cosmic structure
formation by gravitational instability. In such
a scenario, diffusely distributed baryonic ma-
terial (the protons and neutrons that constitute
ordinary matter) responds to the gravitational
influence of the underlying dark matter. The
most overdense regions collapse first to form
the earliest galaxies. This leaves the remain-
ing gas as the IGM. Rather than being a
uniform medium filling the space between
galaxies, the IGM itself should show struc-
ture on scales larger than that of individual
galaxies. Both numerical calculations (9—16)
and analytic theory (/7-21) link the evolving
structure of the IGM to the H I and He II
absorption visible in the spectra of high-red-
shift quasars.

Given the unsettled observational issues
and the need to test the theoretical expecta-
tions, we planned Far-Ultraviolet Spectro-
scopic Explorer (FUSE) observations of the
He 11 absorption toward the bright (visual
magnitude V = 16.1) z = 2.885 quasar
HE2347-4342 at high spectral resolution.
Previous observations of HE2347-4342 at
longer ultraviolet (UV) wavelengths showed
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it to be one of the brightest candidates for
such observations (22, 23). As with the other
quasars observed with HST, the He 11 absorp-
tion in this object is mostly opaque, but there
are wavelength intervals of high transmission
that suggest we can see the beginnings of the
He™ reionization in the IGM in the redshift
range accessible toward this quasar (22). Be-
cause He II Lya at z = 2.885 is redshifted to
1181 A and HST is sensitive only down to
1150 A, which corresponds to z = 2.79, the
HST data do not cover a large range in red-
shift. We therefore hoped to trace this reion-
ization process over a greater range with
FUSE because its short-wavelength sensitiv-
ity would let us probe the IGM to much lower
redshifts, down to z ~ 2.0 in principle (24).

We observed HE2347-4342 with FUSE in
two separate campaigns. The first observa-
tion, from 17 to 27 August 2000, comprised
351,672 s, of which 192,610 s was during
orbital night (25). The second, running from
11 to 21 October 2000, accumulated 249,717
s, with 183,630 s during orbital night. For
each observing campaign, HE2347-4342 was
centered in the 30 arc sec X 30 arc sec
apertures. To maintain the optical alignment
of the four channels during these campaigns,
we offset FUSE every other day to the nearby
UV-bright star WD2331-475 and performed
routine adjustments to the mirror positions.

At the faint flux levels presented by
HE2347-4342 (F, ~3 X 107 ergcm ™2 5!
A~ at 1200 A), an accurate extraction of a
background-subtracted, calibrated source
spectrum from the two-dimensional (2D) re-
corded data required customized processing.
Because the LiF channels have a throughput
that is ~3 times that of the SiC channels, we
discuss only the LiF portions of the spectrum.
Because there are spatial variations in the
background that affect the extracted flux lev-
el in a source as faint as HE2347-4342, we
turned off the standard background subtrac-
tion in the FUSE data-processing pipeline
and extracted a “source + background” spec-
trum (26). We then manually extracted back-
ground spectra from the geometrically recti-
fied detector images using regions lying ad-
jacent to the source spectrum. Dead spots and
airglow lines from other FUSE apertures
were masked out of these background spec-
tra. We computed a linear slope joining the
two background regions, and scaled the final
result for each of the four detector segments
to match the level at the location of the
extracted source + background spectrum.
We subtracted these background spectra from
the pipeline-extracted source + background
spectra, and then used the rest of the normal
pipeline processes to perform the standard
wavelength and flux calibrations. At all steps
we propagated a 1o error array along with the
data.

The multiplicity of detectors in FUSE and

our two separate observations allowed sever-
al checks on our reduction process. At each
wavelength we obtained two separate extract-
ed spectra from each observation, for a total
of four independent spectra. All spectral fea-
tures noted in our combined spectrum were
visible in each independent spectrum. As a
check on our flux levels, we computed the
scatter among the fluxes from the 1000 to
1080 A spectra (2.7 X 1076 erg cm ™2 57!
A~") and the 1100 to 1187 A spectra (2.1 X
107'¢ erg ecm™2 s~' A~'). For both, the
scatter is higher than our 1o errors, indicating
some residual systematic errors. These errors
are ~5 to 10% of the extrapolated continuum
flux for HE2347-4342, and they are indica-
tive of our overall uncertainty. As a check on
our zero levels, we note that the interstellar
absorption line C 1I A1036 is saturated in all
FUSE extragalactic spectra. All four extract-
ed spectra containing this line have zero flux
at line center to within the 1o error bars. At
wavelengths of >1150 A, previous HST ob-
servations of HE2347-4342 show several re-
gions where there is little or no flux. Again,
our extracted spectra also show no net flux in
these regions to within our 1o errors. Given
the consistency among these separate obser-
vations, we combined the separate spectra
into a single spectrum with a uniform wave-
length scale and 0.05 A bins (Fig. 1).
Because the FUSE bandpass stops short of
wavelengths where the unobscured continu-
um of HE2347-4342 is visible (\ > 1190 A),
we obtained low-resolution HST spectra cov-
ering 1150 to 3200 A on 21 August and 16
October 2000 to establish the continuum lev-
el. These observations each consisted of a
1060-s exposure using the Space Telescope
Imaging Spectrograph (STIS) with grating
G140L and a 600-s exposure using grating
G230L. HE2347-4342 was slightly fainter
(by 7%) in the October observation, but oth-
erwise the spectra were identical. We scaled
the October observation up to the August flux
levels and fitted a simple power law, F, =
3.31 X 10715(\/1000 A)=24° erg cm™2 s~ !
A=, with an extinction correction to spectral
regions free of galactic absorption lines. We
used a mean galactic extinction curve with
ratio of selective to total extinction R, = 3.1
(27) and a color excess E(B — V) = 0.014
(28), where B is the blue-band magnitude.
The spectrum and extrapolated continuum
(Fig. 1) shows that for z > 2.72 (A = 1130
A), the IGM is relatively opaque, with occa-
sional narrow windows that are nearly trans-
parent (22, 23). At z = 2.72, the IGM be-
comes more transmissive, and the opacity
systematically drops at lower z and shorter
wavelengths. In this translucent region, it is
also apparent that discrete absorption features
account for most, if not all, of the opacity. We
have resolved the He 11 absorption into a He
11 Ly forest, analogous to the H I Ly forest.
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The quantitative character of the evolution
in opacity with redshift is consistent with our
expectations. The mean opacity over the red-
shift interval 2.3 t0 2.7 is Ty, ,, = 0.91 = 0.01
(29), similar to the sight line toward
HS1700+64 (6). We compare the measured
opacities to a model (2/) of discrete clouds
photoionized by the general quasar popula-
tion, valid for epochs after He II reionization
is complete. In the model, ionization fluctu-
ations on scales of ~4000 km s~ (~15 A,
the size of our largest bins) lead to the pre-
dicted range of opacities (Fig. 2). For z <
2.72, where He 1I reionization is potentially
complete, the absolute level of the observed
opacity, its trend to lower values at lower
redshift, and the fluctuations about the mean
are all consistent with this model.

The extrapolated STIS continuum is con-
sistent with the peak fluxes in the FUSE
spectrum (Fig. 1). Positive residuals from
points above the extrapolated continuum
have a Gaussian distribution consistent with
the 1o error bars on our data points, indicat-
ing that there are absorption-free windows
where the IGM is transparent in He II Lyc.
For models in which the physical density of
smoothly distributed He II evolves as n,_ ,,
(1 + 2)*, and assuming a deceleration param-
eter A = 0 and density parameter () = 1, the
opacity in smoothly distributed He 1I Lya
varies with z as 7 (@) = T oomE =
2.885)[(1 + 2)/(1 + 2.885)]*" ! for z <
2.885 (1). By requiring that the distribution of
the ratios of positive residuals to the 1o errors
be consistent with a Gaussian of mean 0 and
dispersion 1, we set a lo upper limit on
TemootnZ = 2.885) by permitting 7 ..(z =
2.885), the power-law index, and its normal-
ization to vary freely until x? increases by 1.
This yields an upper limit of 7. .(z =
2.885) < 0.11 to 0.12 for & = 0 to 6.

Because the FUSE data resolve the He 1I
Lya forest, we can make a detailed compar-
ison of the individual absorption features to
their counterparts in the H I Lya forest. To
measure the individual He II column densi-
ties, we fit the FUSE spectrum using the
program SPECFIT (30). Our model incorpo-
rates the extrapolated continuum, individual
He I absorption lines with Voigt profiles
(assuming Doppler widths of by, , = by ),
and foreground interstellar absorption in the
Milky Way (31). For each He I line, we
permit the column density to vary, but we fix
z and the line width (b, , = by, ,) to have the
same values as those in the H I line list from
a Keck observation of HE2347-4342 with a
resolution of 8 km s™! (32). The H I lines
identified in the Keck spectrum (184 in total)
all have He II counterparts (Fig. 3). Although
these lines account for most of the observed
opacity in He II Lya, they account for only
~50% of the observed spectral features. To
model the remaining features, we inserted
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additional lines whose redshifts were permit-
ted to vary freely and whose widths were
fixed at b = 27 km s™!, the mean of the
distribution from the H I line list. Over the
1000 to 1130 A wavelength range, 179 addi-
tional He I Lya absorption features were
added to our fit. At the 3o confidence limit,
we are sensitive to He II lines with a limiting
column density of log N(He m) > 10!28
cm™~2, For comparison, there are 72 H 1 Lya
features with Ny , < 10'® cm™? in the same-
corresponding range in z in the Keck
spectrum.

The added features are consistent with an
extrapolation of the number of H I lines per
unit column density of the form f(Vy ) «
Ny "' (21, 33, 34) down to column densi-
ties of ~10'' c¢cm™2 This is potentially a

substantial amount of material, but, given the
power-law form of the column density distri-
bution, it does not dominate the total mass in
the Lyo forest (/9). Because the physical
sizes of the absorbers and the ionization cor-
rections are uncertain, we refrain from esti-
mating the amount of mass that this popu-
lation of absorbers represents. However, in
the context of hydrodynamical models of
the IGM (14, 19), we note that the low-
column-density extension of the Lya forest
contains ~10% of the baryons atz = 2 to 3.
Our detection of a large number of He II
absorption features with no H I counter-
parts is consistent with the predictions of
these models.

With measured ratios of He 11 to H I
column densities, 1 = N(He I)/N(H 1), we
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Fig. 1. FUSE spectrum of HE2347-4342 (binned to 0.05 A pixels) is shown in black. Bins at the peak
fluxes have a signal-to-noise ratio of ~7. A portion of the contemporaneous STIS spectrum is
shown in green. The red line is the extrapolation of the power law plus extinction of E(B — V) =
0.014 fitted to the STIS spectrum. The position of He Il Lya at the redshift of HE2347-4342 is
marked. Gaps in the FUSE spectrum due to excised terrestrial airglow lines are marked with green
. The broad gap from 1072 to 1089 A is due to gaps between the FUSE detector segments.
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Fig. 2. The He Il opacity Ty,
in coarse 5 to 15 A bins is
shown as a function of red-
shift. The solid curve is
the theoretical prediction
for the opacity assuming
line blanketing only (27).
The dashed curves indi-
cate the 1o extent of
variations in the opacity
anticipated due to ioniza-
tion fluctuations. At red-
shifts below z = 2.72,
where the reionization of
He 11 in the IGM appears
to be complete, the mod-
el matches well the ob-
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can infer the shape of the ionizing spectrum
illuminating the absorbing gas. Because our
data include both measured values and lower
limits (Fig. 4) (for He II Lya features with no

Fig. 3. (A) The black

line is a portion of the A
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H I Lya counterparts), we use the Kaplan-
Meier estimator for censored data (35) to
derive a mean value (log m) = 1.89 = 0.04
for the full data set. Models of an IGM

Wavelength (A)
1060
—

FUSE spectrum of

HE2347-4342.  The
smooth red curve
across the top is the
extrapolated continu-
um. The magenta line
overlaying the spec-
tral data in black is the
model described in the
text. The area shaded
in yellow shows the
fraction of the He i
opacity due to absorp-
tion features that cor-
respond to H 1 absorp-
tion lines identified in
the Keck spectrum
(32). The area shaded
in green shows the
fraction of the opacity
due to additional He 1
absorption  features
that have no H | coun-
terparts in the Keck
spectrum. (B) The nor-

W F (1015 erg cm 2 s-1 A-Y)

Relative flux

PRI T T I TR ST T S [ S

malized Keck spec- 0
trum (32). Note the
direct correspondence
between the wave-

1060
hops4 (A)

lengths of H I lines in the Keck spectrum and He Il absorption features in the FUSE spectrum.

photoionized by the integrated light from
quasars propagated through the IGM (21, 36)
predict values of m = 30 to 100 for quasar
spectra with spectral indices e, = 1.5 to 2.1
(f, ® v~*9). Intrinsic spectral indices for
quasars (as measured down to a rest wave-
length of ~350 A) lie in this range (37).
Thus, most of the observed absorption fea-
tures are consistent with photoionization by
quasar radiation. However, about 40% of the
absorbers have m > 100, indicating that lo-
calized regions of the IGM are photoionized
by softer spectra. This might be heavily fil-
tered quasar radiation (in regions where the
reionization of He II is not yet complete) or
stellar radiation from ongoing star formation
1.

There are fluctuations in m on the scale of
individual spectral features (Fig. 4), which
implies that the ionizing radiation field is not
uniform. Local radiation sources (which may
be either quasars or star-forming galaxies)
probably affect n and the local opacity of the
IGM. This characteristic is most evident at
high z in the low-opacity “windows” first
seen in HST spectra of HE2347-4342 (22,
23), but it persists to lower redshift where the
IGM is less opaque.

By resolving the He II Lya absorption in
the IGM using FUSE, we are able to see
structure in the universe that extends into the
lowest density regions. The presence of He II
absorption with no H I counterparts is con-

Fig. 4. The logarithm of .
the He 1l to H I column =
density ratio m = N(He
I1)/N(H 1) versus redshift =
for measured absorp- 3
tion features in the
FUSE spectrum. The
black points with error
bars have measured col-
umn densities for both
He 1l (from FUSE) and H
I (from Keck). The red
points are lower limits
computed using the He
Il column density mea-
sured from the FUSE
spectrum and an upper
limit of 1023 cm~2 for B
H | absorption lines in R
the Keck spectrum. A

Spearman rank correla- 1
tion coefficient of 0.05

indicates that there is

no significant trend -
with redshift. The mean
value, (log m) = 1.89, is
consistent with photo- s

log(n)

ionization of the IGM by ®

integrated quasar light
(21, 36). However, one E
can see significant fluc-

—a—

tuations in m that indi-
cate that the ionizing
radiation field is not
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uniform. Values of m > 100 indicate regions photoionized by either heavily filtered quasar radiation or bursts of star formation.
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sistent with hydrodynamical models that pre-
dict density fluctuations due to gravitational
instabilities on all scales, from the high-den-
sity peaks that form galaxies to the distribu-
tion of gas in low-density voids (9-16, 19,
20). Observation of He 11 Lya absorption is
the best method to study these regions, and
future observations of additional bright qua-
sars with FUSE should provide essential in-
formation on the cosmic variance in the struc-
tures we see along different lines of sight.
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No Supermassive Black Hole in
M33?

David Merritt,* Laura Ferrarese, Charles L. Joseph

We observed the nucleus of M33, the third-brightest galaxy in the Local Group,
with the Space Telescope Imaging Spectrograph at a resolution at least a factor
of 10 higher than previously obtained. Rather than the steep rise expected
within the radius of gravitational influence of a supermassive black hole, the
random stellar velocities showed a decrease within a parsec of the center of the
galaxy. The implied upper limit on the mass of the central black hole is only 3000
solar masses, about three orders of magnitude lower than the dynamically
inferred mass of any other supermassive black hole. Detecting black holes of
only a few thousand solar masses is observationally challenging, but it is critical
to establish how supermassive black holes relate to their host galaxies, and
which mechanisms influence the formation and evolution of both.

At a distance of 850 kiloparsecs (kpc) from
Earth, M33 is classified (/) as a late-type
SclII-1II spiral, consistent with its almost non-
existent bulge (2, 3). The nucleus of M33 is
very compact, reaching a stellar central mass
density of several million solar masses per
cubic parsec (4, 5), larger than that of any
globular cluster. Although such high nuclear
densities might be expected in the presence of
a supermassive black hole (SMBH) (6),
ground-based data show no evidence for a
central rise in stellar velocities that would
indicate the presence of a compact massive
object in the nucleus (4).

M33 was observed on 12 February 1999
with the Space Telescope Imaging Spectro-
graph (STIS) on the Hubble Space Telescope
(HST). Three sets of two long-slit spectra each,
for a total exposure time of 7380 s, were ob-
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tained using the G750M grating centered on the
Call absorption triplet near 8561 A (1 A corre-
sponds to 107'° m), covering 19.6 km s
pixel~!. The pixel scale is 0”.05 with a spatial
resolution of 0”.115 at 8561 A. While the two
spectra in each set were obtained at the same
position to facilitate removal of cosmic ray
events, the nucleus was moved along the slit by
0".216 between each consecutive set. This dith-
ering procedure allows for optimal correction of
residual variations in the detector sensitivity as
well as identification and removal of malfunc-
tioning pixels. The calibration steps followed
the standard procedure (7) adopted for STIS
observations of the nucleus of M32.

The observed spectrum (Fig. 1) at every
resolution element is the convolution of the
spectra of individual stars with the line-of-
sight velocity distribution (LOSVD) of the
stellar ensemble; the latter contains informa-
tion about the mean and random velocities of
stars in the nucleus, projected along the line
of sight through the galaxy. We adopted as a
typical stellar spectrum that of the KO III
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