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A DETERMINATION OF THE HUBBLE CONSTANT USING MEASUREMENTS OF X-RAY EMISSION

AND THE SUNYAEV-ZELDOVICH EFFECT AT MILLIMETER WAVELENGTHS
IN THE CLUSTER ABELL 1835

P. D. MauskopF,! P. A. R. Apg,2 S. W. ALLEN,? S. E. Cuurch,* A. C. EDGE,® K. M. GANGA,> W. L. HOLZAPFEL,®
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ABSTRACT

We present a determination of the Hubble constant and central electron density in the cluster Abell
1835 (z =0.2523) from measurements of X-ray emission and millimeter-wave observations of the
Sunyaev-Zeldovich (S-Z) effect with the Sunyaev-Zeldovich Infrared Experiment (SuZIE) multifrequency
array receiver. Abell 1835 is a well studied cluster in the X-ray with a large central cooling flow. Using a
combination of data from ROSAT PSPC and HRI images and millimeter wave measurements we fit a
King model to the emission from the ionized gas around Abell 1835 with 6, = 0:22 + 0,02 and
B = 0.58 + 0.02. Assuming the cluster gas to be isothermal with a temperature of 9.87%:3 keV, we find a
y-parameter of 4.9 + 0.6 x 10~ * and a peculiar velocity of 500 4+ 1000 km s~ ' from measurements at
three frequencies, 145, 221, and 279 GHz. Combining the S-Z measurements with X-ray data, we deter-
mine a value for the Hubble constant of H, = 59738 km s~! Mpc~! and a central electron density for
Abell 1835 of n,, = 5.6471:81 x 1072 ¢cm™3 assuming a standard cosmology with Q, =1 and Q, = 0.
The error in the determination of the Hubble constant is dominated by the uncertainty in the tem-

perature of the X-ray emitting cluster gas.

Subject headings: cosmology: observations — distance scale — galaxies: clusters: individual (A1835) —
radio continuum: galaxies — X-rays: galaxies

1. INTRODUCTION

One of the ways of understanding the distribution of
matter in the universe on the largest scales is with obser-
vations of clusters of galaxies. Most of the baryonic matter
in galaxy clusters is in the form of hot (several keV), intra-
cluster (IC) gas. This gas emits X-rays and distorts the spec-
trum of the cosmic microwave background (CMB) through
the Sunyaev-Zeldovich (S-Z) effect (Sunyaev & Zeldovich
1972). The combination of X-ray and S-Z measurements
can be used to determine cluster baryon fractions, the
angular diameter distances, d 4, to clusters and a value for
the Hubble constant, and cluster peculiar velocities.

There is now a large sample of clusters with high signal-
to-noise X-ray images and spectra from ROSAT and ASCA
observations (e.g., Ebeling et al. 1996; Voges et al. 1999).
These data are beginning to be combined with initial S-Z
surveys of the brightest X-ray sources to obtain values for
the Hubble constant and baryon fraction (see, e.g., Birkin-
shaw 1999). The SuZIE experiment has obtained data for
~20 clusters at millimeter wavelengths in observations at
the Caltech Submillimeter Observatory (CSO). Measure-
ments at these wavelengths allow the separation of the
thermal and kinetic S-Z effects and complement surveys at
lower frequencies. In this paper, we present the results from
an analysis of the X-ray and mm-wave measurements of
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Abell 1835, one of the most luminous clusters in the
ROSAT catalog and the first cluster observed with both the
SuZIE I and SuZIE II instruments. The tools developed for
this analysis will be applied to the full data set of clusters
observed with SuZIE IIL In § 2, we describe the X-ray data
and analysis. In § 3, we describe the millimeter-wave mea-
surements. In § 4, we discuss the analysis of the millimeter-
wave data and present results from the combination of these
data and the X-ray data. Section 5 discusses sources of
error, caveats, and directions for the future.

2. X-RAY ANALYSIS

The surface brightness of the X-ray emission scales with
the density of the gas squared integrated along the line of
sight,

BXoanﬁd/ocnforo , (1)
where n,, is the central electron density calculated for a gas
distribution model and r, is a measure of the cluster diam-
eter along the line of sight. The spectrum of emission can be
used to determine the temperature of the gas while the
angular distribution of X-ray emission can be used to deter-
mine the density profile. The canonical model for the
density and temperature distribution of ionized gas in a
cluster is a spherically symmetric, isothermal King model:

NI
nr) = ol 1+ (- : @

X-ray observations from ROSAT and ASCA have made it
possible to study the properties of cluster gas in detail and
to characterize deviations from this model.

One of the features of many clusters is the presence of a
large central spike in the X-ray emission. This central emis-
sion can be attributed to a central density enhancement
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called a cooling flow. Measurements suggest that cooling
flow clusters are the most dynamically relaxed systems and
that the assumptions of smooth gas distribution and spher-
ical symmetry are satisfied in these systems (Allen 1997).
Abell 1835 is a well studied cluster at X-ray and optical
wavelengths with a large cooling flow. It is also one of the
most luminous X-ray clusters in the ROSAT all sky survey
with a luminosity of Ly = 3.8 x 10*° ergs s ! in the 2-10
keV band.

Abell 1835 was the object of two pointed observations
with the ROSAT PSPC, of 2542 s and 6171 s duration and
one observation with the HRI of 2835 s duration. The HRI
and PSPC images of Abell 1835 are shown in Figures 1 and
2 with the beam profiles of the ROSAT PSPC, HRI, and
SuZIE. It is evident from these images that Abell 1835 has
no associated subclusters or X-ray point sources within a
10" x 10’ field of view around the cluster. A detailed analysis
of the temperature and density distribution of the IC gas in
Abell 1835 has been published using these observations
combined with spectral information from ASCA (Allen et
al. 1996). This combination of data allows a determination
of the temperature, metallicity, X-ray emissivity and cooling
rate of the cluster as a function of cluster radius. The best-fit
spectral model for the cluster including the central cooling
flow gives a mass-weighted temperature of the cluster gas of
T, = 9.8%%3 keV (Allen & Fabian 1998).

We determine a model distribution for the IC gas in Abell
1835 in two ways: (i) we use a one-dimensional fit to depro-
jected data assuming spherical symmetry, and (ii) we use a
two-dimensional fit to the X-ray image to take into account
beam effects and cluster ellipticity. For the first method, the
X-ray surface brightness distribution is deprojected using a
standard algorithm (Fabian et al. 1981) to obtain values for
the electron density as a function of cluster radius (Allen et
al. 1996). The results from both the HRI and PSPC depro-
jections are plotted in Figure 3 where the electron densities
have been calculated assuming a Hubble constant of H, =
50kms~ ! Mpc~!and g, = 0.5.

300 " T T T T T T T TTTTTTTTTT ]
2.90 .
) L ]
[)
T i ]
o L ]
w L 4
a i ]
2.80 | PSPC beam N
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210.10 210.20 210.30 210.40
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Fi1G. 1.—Contour image of Abell 1835 from the ROSAT PSPC. A pixel
size of 15" x 15” has been used and the image has been smoothed with a
Gaussian with FWHM 2 pixels. Contours are spaced logarithmically from
1.6 x 10~ * counts s~ ! to 0.02 counts s~ . Also shown are the half-power
points of the PSPC and SuZIE PSFs.
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Fi1G. 2—Contour image of Abell 1835 from the ROSAT HRI. A pixel
size of 8” x 8 has been used and the image has been smoothed with a
Gaussian with FWHM 2 pixels. Contours are spaced logarithmically from
3.75 x 10™* counts s~ ! to 0.06 counts s~ *. Also shown are the half-power
points of the HRI and SuZIE PSFs.

We fit a simple King model to these data and obtain
best-fit values for f = 0.54 + 0.04, 6, = 0:20 + 006, and
.o = 0.052 + 0.002 cm ~ 3. The y2 contours for the 0, versus
B variables are shown in Figure 4. If we let the Hubble
constant be a free parameter, we can solve for the product,

0.1 T L

Electron Density (cm™)
)
)

0.005 — =

0.001 Ll Ll
0.05 0.1 0.5 1 5

Radius (arcmins)

F1G. 3.—Flectron density of Abell 1835 as a function of angular radius
assuming a Hubble constant of H, = 50 km s~ Mpc~! from a deprojec-
tion of ROSAT HRI and PSPC images. Open hexagons represent the
average electron density within circular shells spaced by 30” as measured
by the ROSAT PSPC, and triangles represent the average electron density
within 8” shells as measured by the ROSAT HRI. The line is the best-fit
King model with 6, = 0:20, 8 = 0.54, and n,, = 0.052 cm 3.
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Fi1G. 4—Chi-squared contours of probability for fitting a King model
with parameters 6, and f to the deprojected electron density distribution
in Abell 1835. Models were fitted to a combination of deprojected data
from the HRI and PSPC images.
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F1G. 5—Chi-squared contours of probability for fitting source models
to the PSPC images of Abell 1835. The two-dimensional source models
were generated by convolving the PSF of the PSPC with King models,
varying the parameters 6, and f8.
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Fi1G. 6.—X-ray flux vs. radius from PSPC images of Abell 1835. Points
represent average flux in rings spaced by 15” in diameter around the cluster
centroid. The line shows the radial profile of the best-fit King model
(0, = 022, p = 0.575) convolved with the PSPC beam.
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n2d,:
nZd, = 847587 x 10** cm™~3 . (3)

We exclude the innermost point with r < 0.1 Mpc (H, = 50
km s~! Mpc™?) of the deprojected PSPC data from the fit
because the PSPC deprojection does not account for the
finite resolution of the PSPC.

In addition we make two-dimensional fits to the PSPC
and HRI images to determine 6, and f and estimate the
cluster ellipticity. We find the X-ray centroid, (x,, y,) and
define an “image radius ” as a function of orientation angle:

ro) = | Fx(r, ¢)| cos (p(x,y) — o) |[r*drd¢
e [ Fx(r,@)rdrd¢ ’

where r = 0 at the X-ray centroid and F(r, ¢) is the X-ray
flux. For a circular image, r(«) is a constant. For an ellipse,
r{o) = a(l + € sin o), where € is the ellipticity, e = (@ — b)/a.

Abell 1835 is almost circular with € = 8% 4 2%, where
the error is due to the pixelization of the images. We gener-
ate models for a grid of values of 6, and § and convolve
each model with the PSF of both the HRI and PSPC instru-
ments. For the PSPC, we use the hard-band 0.4-2.0 keV
image and the PSF model of Hasinger et al. (1992), which
has a FWHM ~ 25" at the center of the image. For the
HRI, we use a Gaussian PSF with a 5 FWHM. One and
two sigma contours for the King model parameters 6, and
p are shown in Figure 5. The best-fit parameters are f =
0.58*3:52 and 6, = 0.22*3:32. The error in 6, is a com-
bination of statistical noise and the cluster ellipticity that
gives Af, = +€6,/2 = +0.008. Figure 6 shows the X-ray
flux from the PSPC images averaged in 15” rings around
the image centroid compared to the best-fit model. The y2
of the fit is 15 for 16 degrees of freedom. We use Gaussian
statistics in this analysis because each bin contains more
than 100 counts.

)

3. MILLIMETER-WAVE DATA

The dominant source of millimeter-wave radiation from
clusters of galaxies is from the Sunyaev-Zeldovich (S-Z)
effect (Sunyaev & Zeldovich 1972), a distortion of the spec-
trum of the cosmic microwave background (CMB) due to
its interaction with the IC gas. The S-Z effect has a thermal
component due to the transfer of energy from the hot gas to
the CMB and a kinematic component due to the bulk
motion of the cluster with respect to the CMB rest frame.
The brightness of each component is proportional to the
density of the IC gas integrated through the line of sight,
Bs; =ylyg(x), where I,=2(kT,)*/h*c*, yoc|n,df
n.od, is the dimensionless Compton y-parameter and g(x)
is a frequency-dependent scaling (x = hv/kT). The spectrum
of the S-Z kinetic effect is given by

g9 = h9) -, )

e

where v,, is the cluster peculiar velocity, y, = kT,/m, c* is the
normalized gas temperature and

x*e*
h(x) = (ex _ 1)2 ° (6)
The spectrum of the S-Z thermal effect is given by
gr(x) = h(x)[x tanh (x) — 4] . 7
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For a King model gas distribution with temperature, T,,
central density, n,,, core radius, 7., and power-law param-
eter, f, the central Comptonization, y, is

kT, 13 1
Yo = Neody 0'T<m_cz)00 B(E 77ﬁ - 5) > @®)

e

where B(3,(38/2) — 1) is the incomplete beta function. Esti-
mation of v, requires measurements of the S-Z effect at a
variety of wavelengths and a determination of the IC gas
temperature but is insensitive to cluster morphology or
asphericity.

The millimeter-wave data presented in this paper were
obtained with the SuZIE I and SuZIE II receivers at the
Caltech Submillimeter Observatory (CSO). The rest of this
section describes these measurements and the data pro-
cessing performed to obtain values for the cluster y-
parameter and peculiar velocity.

3.1. Instrument

The SuZIE receivers are designed for ground-based
millimeter-wave continuum measurements from the
Caltech Submillimeter Observatory (CSO) on Mauna Kea
in Hawaii. The techniques and instrumentation developed
for the SuZIE receivers have been described in detail
(Holzapfel et al. 1997a; Mauskopf et al. 2000). Each consists
of a focal plane array of Winston horns which overillumin-
ate a cold (2 K) Lyot stop at an image of the primary mirror
formed by a warm tertiary mirror. This optical design pro-
duces matching illumination patterns on the primary
mirror that separate slowly through the atmosphere to form
1:4-1.7 beams, separated by up to 5’ on the sky. Differences
between the signals form effective chop throws of 2:1-5" on
the sky. These beams are drift scanned by 30" over the
known X-ray positions of clusters of galaxies to produce a
one-dimensional slice through the cluster with each row of
detectors. The different specifications of the SuZIE I and
SuZIE II receivers are detailed in the data analysis sections.

3.2. Scan Strategy

We employ drift scans for SuZIE measurements to mini-
mize spurious sources of noise due to motion of the tele-
scope or modulation of the beam. Immediately before each
scan, the telescope tracks a point on the sky offset from the
source position by a fixed angle in right ascension and decli-
nation: (ag,0¢) = (Asource + RAO, Ogource + DECO). At the
same time, a Dewar rotator aligns the array so that the
widely spaced pixels are aligned parallel to the direction of
sky rotation. The telescope pointing system then stops
tracking in R.A., sends a synchronization pulse to the data
computer to initiate data storage and remains fixed with
respect to the earth for the 120 s long scan duration. The
DECO is chosen to be + 60" so that the center of the source
will pass through one of the rows of photometers spaced by
120”. The RAO is set to —720” and — 1080” on alternating
scans so that the source position within the scan alternates
around the center of the scan. A scan-synchronous instru-
mental baseline can be removed by differencing sequential
scans without removing a significant amount of signal from
the source.

3.3. Sources

We select source clusters for S-Z observations based on
four factors: X-ray luminosity and temperature, angular
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size, and sky position. High X-ray luminosities imply a
combination of high electron density and temperature in
the cluster gas so that these clusters should also have rela-
tively large y-parameters. If the IC gas is distributed accord-
ing to a King model, the S-Z brightness falls off relatively
slowly with radius and has a significant surface brightness
out to several core radii. The 14 beam size and 42 beam
throw in the SuZIE instrument motivate us to select clusters
with apparent diameters, 6, ~ 1’4, corresponding to cluster
redshifts, z > 0.1. Because measurements of several hours
each night for several nights are needed for these obser-
vations, we select clusters with declination near the latitude
of the CSO ~ +20°.

We chose to observe Abell 1835 (R.A. = 14%1m25,
Decl. = 2°52'41"”) with the SuZIE II receiver for several
reasons. First, we knew it was a bright S-Z source from a
detection of the S-Z thermal effect in 8 hr of integration on
1994 April 5-11 with the SuZIE I receiver at 142 GHz. We
used this detection as an additional calibration of the new
receiver and more importantly as a check for systematic
effects in both measurements. Second, we had not measured
this cluster at 217 or 269 GHz and therefore had no limit on
the peculiar velocity. Finally, we knew that this cluster had
been well studied in the X-ray and was a good candidate for
a determination of the Hubble constant. We obtained 22 hr
of data on Abell 1835 at 145, 221, and 279 GHz during the
period of 1996 April 17-24 with the SuZIE II instrument
mounted on the CSO. During both SuZIE I and II obser-
vations, the source elevation varied from 50°-80°, and the
observations consisted of drift scans of 120 s length, cover-
ing ~ 30’ on the sky.

3.4. Blank Sky

Blank sky observations are useful for determining the
overall performance of the instrument and setting limits on
the contribution of sources of systematic error. Two blank
sky regions observed in 1994 April have been used to
provide upper limits on the systematic baselines in the mea-
surements of the clusters Abell 2163 and Abell 1689
(Holzapfel et al. 1997a, 1997b). In addition, these measure-
ments have been used to place upper limits on the level of
primordial CMB fluctuations (Church et al. 1997). We selec-
ted two regions of sky for blank sky observations during the
first and last parts of the night from 1996 April 17-24. We
chose regions that were free of known sources from the
IRAS point source catalog and the Parks point source
survey and that covered a similar range of elevation angles
to the cluster observations. In addition, we avoided areas
that had large contrast in the diffuse emission from inter-
stellar dust as determined from 100 um IRAS maps
(Schlegel et al. 1998).

4. S-Z DATA ANALYSIS

The analysis of the SuZIE data involves the following
steps:

1. Extract a beam map for each pixel using calibration
scans made during the observation.

2. Calculate the S-Z spectral coefficients by convolving
measured transmission spectra of the filters with relativistic
intensity profile, calibration spectra, and atmospheric
optical depth model.

3. Generate a King model for the distribution of gas
using best-fit X-ray parameters 6, and S.
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4. Generate fitting models by convolving the King model
with the beam map.

5. Despike and bin the raw millimeter-wave data.

6. Co-add the binned data from all scans. Find the best-
fit position and amplitude for the co-added data.

7. Fit the source model to each scan and find the best-fit
amplitude using the best-fit position from 6.

In this section, we describe these steps in detail and also
discuss refinements to this analysis in the case of the SuZIE
IT multifrequency data.

4.1. Calibration

Observations of planets are used to map the beam shapes
of the instrument and calibrate the responsivity of the
pixels. In 1994 April Uranus was used to map the beams
and as a calibration source. In April of 1995 and 1996 we
used scans of Uranus and Mars to calibrate the instrument
and scans of Jupiter to map the beams. We assign +6%
uncertainty to the brightness of Uranus, and + 5% uncer-
tainty to the absolute brightness of Mars (Orton et al. 1986).
Rotation of the array about the optical axis causes small
changes in the instrument’s beam shapes. Calibration scans
over the range of rotation angles at which we observed the
clusters change by at most 8%. We combine these errors
and assume a total calibration error of 10%. In the SuZIE I
system, the beams had FWHM ~ 17 and were separated
by 2:3 and 4.6. For SuZIE II, the beam sizes are 1.1 —1.5
FWHM and the separations were ~4'2. Measurements of
the solid angles of each beam are given in Holzapfel et al.
(1997¢) and Mauskopf et al. (2000).

For S-Z observations, we integrate the best-fit King
model from the X-ray data along the line of sight to find the
column depth of electron gas in the cluster as a function of
angle from the center:

3 1) 6od,

N(6.9) = 2n,(0)B <2 ;

2 2\ 1/2—-38/2
X <1 + 6 +2¢ > , )
06

where B(3,(3B/2) — 3) is the incomplete beta function, 6, =
ro/d4 and d, is the angular diameter distance to the cluster.
The S-Z signal we expect as a function of position on the
sky is the convolution of the electron optical depth as a
function of angle with the beam pattern measured by cali-
brating on a planet:

Isz 1 N0, ¢
I Q N,0)

where Q, is the solid angle subtended by the planet,
Vp(0, ¢') is the voltage out from the calibration scan. We
calculate beam models corresponding to the expected signal
from a cluster passing through the array for values of 6, and
p within the limits allowed by the X-ray data.

4.2. SuZIE I Data
4.2.1. Raw Data Reduction

SuZIE I contained six bolometers arranged in two rows
of 3 pixels with 1.7 beams. The data from SuZIE I obser-
vations consist of six single channels and six differential
channels. The single channels measure the total power on
each detector with low gain and are dominated by total
power sky temperature fluctuations. If we define the bolom-

Vinoael(d) = Vel — 0, 9)) do’d¢’, (10)
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eters in a row as S1, S2, and S3, the differential channels are
equivalent to: D12 =S1-—-S2, D23 =S2—S3, and
D31 =83 — S1 (see Fig. 7). The differential signals are
dominated by differential sky temperature variations. The
three differences between bolometers in a row produce
beam patterns on the sky with beam separations of 23 for
D12 and D23 and 4’6 for D31. These three measurements
are not independent; for example, D31 = — (D12 — D23).
To remove this degeneracy, we produce a triple beam chop,
T123 = D12 + D23, in software that can be used as a mea-
surement independent to D31. For each scan, the raw data
are cleaned of cosmic-ray spikes and binned into 0.75 bins.

D31
|

D12 D23

SuZIE 1

D1,D2,D3
|

SIASY C@
W 68 C@

SuZIE 11

F1G. 7.—Positions and labels for the beams on the sky in SuZIE I and
SuZIE II. In SuZIE I, a single bolometer is associated with each pixel and
measures incoming radiation at a single frequency, either at 145, 221 or 279
GHz, while in SuZIE II, each pixel has three bolometers which measure all
three bands simultaneously.
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4.2.2. Co-added Data

The co-added data are calculated from a weighted
average of each binned scan with an offset, slope and single
channel model removed using a procedure described in
detail in Holzapfel et al. (1997a). Co-added 142 GHz data
for observations of Abell 1835 from 1994 with the 4.6 chop
for the double and triple beam chop centered on the source
are shown in Figures 8 and 9.

We fit a beam model to the co-added data and let the
center of the cluster and the model amplitude vary over the
scan. We calculate the chi-squared distribution of the fit as a
function of cluster position and amplitude, and for further
analysis, fix the cluster position at the point with the
minimum chi-squared. For Abell 1835, we find y, = 5.0

+ 0.4 x 10~* with the best-fit position ¢, = —0.153:1,
from the X-ray center of the cluster. The 2 of the best-fit
model to the co-added data is y* = 206.7 for 192 degrees of
freedom.

4.2.3. Single Scan Fits

We also fit the X-ray determined source model to each
scan and calculate the mean and the dispersion in the fit

60
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Fi1G. 8—Co-added data from channel D3 during the observation of
Abell 1835 with SuZIE I at 142 GHz. This channel consists of the differ-
ence between two beams with FWHM ~ 1!7 separated by ~4'4. The curve
corresponds to a central Comptonization of y, = 4.5 x 10~ %,

40

20

S—7 Flux (mlJy)
|
I
S

|
~
o

_60\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

-15 -10 -5 0 ) 10
Scan position (arcmins)

—_
@]

F1G. 9.—Abell 1835 with SuZIE I at 142 GHz. This channel consists of
a triple beam chop with three 17 FWHM pixels in a row with center to
center spacing of 2:2. The curve corresponds to a central Comptonization
ofy, =55 x 1074

Vol. 538

amplitudes. The best-fit amplitude for the source model is
found by minimizing the y? of the data from the four inde-
pendent measurements corresponding to the single differ-
ence, D3, and triple beam chop, T123 in both R.A. offsets.
The signal-to-noise in the D6 and T456 measurements is
negligible compared to the D3 and T123 signals because the
core radius of Abell 1835 is much smaller than the separa-
tion in DEC between rows. This analysis avoids problems
in the error estimation due to noise correlations between
points in a scan since the shape of the sky noise is indepen-
dent from scan to scan. Using this method, we find a y-
parameter value from the 1994 April, 142 GHz data of y, =
4.86 + 0.43 x 10~ * Table 1 shows the results from scan-to-
scan fits for each of the four independent data sets.

The value for the y-parameter in Abell 1835 and the error
in this value are consistent using either the scan-to-scan fits
or the co-added data, however, the measurements from the
triple beam chop, T123, and the double beam chop, D3, are
statistically different from each other. There are several pos-
sible explanations. The D3 data have overall higher noise
and is more affected by non-Gaussian atmospheric fluctua-
tions than the T123 data. However, non-Gaussian noise
from cosmic rays will affect the T123 data more because the
T123 signal has a higher hit rate since it is made from three
bolometers instead of two bolometers and the T123 cluster
model is more similar to a cosmic-ray event than the D3
model. Finally, the T123 signal will appear large relative to
the D3 signal if the model for the gas distribution derived
from the X-ray data overestimates the core radius of the
cluster.

4.3. SuZIE 11 Data

SuZIE II contains 12 bolometers mounted in four
photometers, each with three channels at 145, 220 and
271/355 GHz. These bands are designed to measure the
spectrum of the Sunyaev-Zeldovich effect in distant clusters
of galaxies while providing improved rejection of differen-
tial atmospheric noise. The photometers have entrance feed
horns that define four 1’4 beams on the sky. The photom-
eters are labeled A+, A—, B+, B—, where the spacing

TABLE 1

Y-PARAMETER ESTIMATES FROM SCAN-TO-SCAN FITS TO
142 GHz MEASUREMENTS OF ABELL 1835

RAO Yo g,
Channel (arcsec) (x107%) (x107%4
D3............ 1080 3.14 1.11
D3 ... 720 3.59 0.99
T123.......... 1080 5.60 0.79
T123 .......... 720 5.65 0.76
D6 ............ 1080 3.47 371
D6 ............ 720 7.03 3.00
T456 .......... 1080 7.17 5.53
T456 .......... 720 3.14 5.00
Total.......... 4.86 0.43

Nortes.—Values are given for each independent data
set from the array of six detectors: D3 and D6 corre-
spond to dual beam differences and T123 and T456 cor-
respond to triple beam chops. Channels 1, 2, and 3 were
centered on the source, and channels 4, 5, and 6 were
offset by 2’ in declination. The total is calculated from a
fit to all four independent measurements simultaneously
in each offset, with each measurement weighted by its
individual dispersion given in the table.
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between A+ and A— and between B+ and B— is 4.2,
while the spacing between A+ and B+ and between A —
and B — is 2’1 (see Fig. 7).

4.3.1. Raw Data Reduction

The SuZIE II data are cleaned and binned using the same
procedure as for the SuZIE I data. The cosmic-ray spikes in
the raw data occur about once in every 10 scans rather than
once every scan because the SuZIE II bolometers have a
smaller cross section to cosmic rays than the SuZIE I
bolometers (Mauskopf et al. 1997).

4.3.2. Spectral Correlation Analysis

We analyze the SuZIE II data in several different ways.
First, we treat the frequency bands as independent and cal-
culate model amplitudes and errors at each frequency.
During the observations in 1996 April, the average sky
noise was about 3 times larger than in 1994 April, so the
raw data have significantly worse signal-to-noise despite
more than twice the integration time. Measurements with
SuZIE 1 at each frequency were made far enough apart in
time (months) so that they were uncorrelated. However,
both the amplitudes and errors in the fits to the SuZIE 11
data are correlated because the dominant source of noise at
each frequency is differential sky temperature fluctuations.

We can remove much of the sky noise by forming linear
combinations of the channels. We try several different
atmospheric models. We first assume that the peculiar
velocity of the cluster is negligable. In this case, we remove
atmospheric noise from the 145 and 279 GHz channels by
subtracting correlated signal in the 1.4 mm channel from
the other channels. co-added SuZIE II 145 GHz data
cleaned with the 221 GHz signal is shown in Figure 10. We
also use a model that consists of a linear combination of all
three frequency channels that contains no S-Z thermal or
kinetic signal. We determine the coefficients of this model
by solving the set of equations:

Vi. = M,[o;yo + ﬁivp] + ViAi. + € (11)

We calculate the parameters o; and f; from the integral of
the spectra of the different S-Z components over the bands.
We convolve the spectral energy density functions (SEDs),
Ix(v), of Uranus and Mars with the measured spectral bands

60

40

[N
o

—-20

S—7 Flux (mlJy)
)

—40

-60 \ LL \ \ \

-15 -10 -5 0 5 10
Scan position (arcmins)

—_
(&)

Fi1G. 10.—Co-added data from the 145 GHz differential channel cen-
tered on the cluster Abell 1835 during observations in 1996 April. The
correlated signal in the 221 GHz channel has been removed in each scan
prior to co-adding the data. The line is the 1996 beam model scaled to a
y-parameter value of y, = 6.0 x 10™*.
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of the instrument to normalize the brightness in each band:

LMy T [0y

We estimate p; from measured correlations between bands
averaged over the observations since this is the dominant
signal in the data. This analysis introduces additional corre-
lations between the 145 and 279 GHz data and does not
allow the y-parameter and peculiar velocity to be measured
simultaneously.

A summary of these results for the measurement of the
y-parameter is shown in Tables 2 and 3.

Finally, we determine independent amplitudes for S-Z
thermal and kinetic signals in each scan by a fit to all of the
data simultaneously. We define a model for each channel
consisting of offset, slope, common mode temperature fluc-
tuations, differential temperature fluctuations, and astro-

B 12)

TABLE 2

y-PARAMETER ESTIMATES FROM SCAN-TO-SCAN FITS TO
145 GHz MEASUREMENTS OF ABELL 1835

RAO Yo a,
Channel (arcsec) (x107% (x10™%

D3 (taw).......... 1080 27 25
D3 (taw).......... 720 28 28
D3 (@).eeeenenn.. 1080 34 17
D3 (@) 720 49 1.8
D3 () oo 1080 6.0 12
D3(b) coeren.. 720 54 13
Total (b).......... 57 0.9

Notes.—Values are given for the dual beam difference,
D3 centered on the cluster with different models of atmo-
spheric noise removed. The measurements marked (raw) are
analyzed as single frequency measurements without making
any use of the multifrequency information. Model (a) uses a
linear combination of all three channels that contains no S-Z
thermal or kinetic signal, and model (b) uses the 221 GHz
data to clean the 145 GHz data. Conversion from signal
amplitude to peculiar velocity assumes a y-parameter of
49 x 1074,

TABLE 3

PECULIAR VELOCITY ESTIMATES FROM SCAN-TO-SCAN FITs TO 221 GHz
MEASUREMENTS OF ABELL 1835

RAO v, g,
Method (arcsec) (1000 km s~ 1) (1000 km s~ 1)

D2 (raw).......c.enen. 1080 5.0 22
D2 (raw) ......coeeneen. 720 -20 2.6
D2(@)..cccooeninnnnnn. 1080 0.8 1.6
D2(@).ccccvvenninnnnnn. 720 1.6 1.6
D2(®).cccceviniinnnnnn. 1080 12 0.9
D2().cceieeineannnnnn. 720 0.7 1.0
D2—-D3 mod (¢)...... 1080 0.8 1.4
D2—-D3 mod (¢)...... 720 0.3 14
Total (C) ..ovuvvvvnnnnnnn 0.5 1.0

Nortes.—Values are given for the dual beam difference, D2 centered on
the cluster with different models of atmospheric noise removed. The mea-
surements marked (raw) are analyzed as single frequency measurements
without making any use of the multifrequency information. Model (a) uses
a linear combination of all three channels that contains no S-Z thermal or
kinetic signal, model (b) uses a combination of 145 and 279 GHz data that
has no S-Z thermal signal, and model (c) uses the SuZIE II 145 GHz data
subtracting a model scaled by the best-fit to the SuZIE I data to clean the
221 GHz data.
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physical signal, e.g.,
M, =A4,+ A1x + A, 8 + Asa(x) + Ay Vinoaer 1(X) 5
(13)

where §=S1+ S2+ S3 + S4+ S5+ S6 is the average
signal from the single channels over the scan and a(x) is the
atmospheric model. We fix the ratio of S-Z model ampli-
tudes in the different channels to correspond to the spectra
of the S-Z thermal and kinetic effects.

The y-parameter is given by the measured amplitude of
the S-Z thermal signal, and the peculiar velocity is given by
the ratio of the measured amplitude of the peculiar velocity
signal to the average value for the y-parameter. From the
simultaneous fit to the SuZIE II data alone, we find y, =
6.0 +£ 1.5 x 10™* and v, = 900 + 1200 km s~ . Figure 11
shows a scatter plot of the best-fit peculiar velocity and
y-parameter values in each scan. We calculate the weighted
density of points in this graph by multiplying each point by
1/x* from the fit and averaging over boxes 100 km
s x Ay =4 x 10~°. We plot 68%, 95%, and 99% likeli-
hood contours using this probability density function.

The errors in these measurements compared to either
previous results using SuZIE I data or the scan-to-scan fits
in the SuZIE II data set are due to our inability to dis-
tinguish between the different spectral components in the
three bands. Note that the error in the y-parameter is domi-
nated by the correlated error in the peculiar velocity. For
example, if we calculate the signal at 145 GHz:

AT, s 0.175v,
Blies (g o220 4
T y°<1 1000 km s~ 1) (14

we find AT,,5/T = 5.35 + 1.16 x 10~ %, while the error we
expect from the uncertainty of v, = 1200 km s ™' is

AT
5(%) - 5”—;’ — 1.0 x 107*. (15)

We break this degeneracy and obtain a better limit on the
peculiar velocity using both the SuZIE I and SuZIE II data.
We eliminate one of the free parameters in the SuZIE II
data analysis by fixing the value of the 145 GHz signal to be
the best-fit value from the SuZIE I data, 4.9 + 0.4 x 10™4.
We then solve simultaneously for the peculiar velocity and
atmospheric signal using the multifrequency data and find
v, =500 + 1000 km s~ .

In more recent measurements with the SuZIE II receiver
we have replaced the 1.1 mm band with a channel at 850 um
which is more sensitive to emission from the atmosphere
and less sensitive to S-Z peculiar velocity signal than the 1.1
mm channel. This allows a better separation of the S-Z
spectral components from the atmospheric noise, giving a
simultaneous measurement of y-parameter and peculiar
velocity in one observation.

4.4. Blank Sky

We performed the same analysis on two additional data
sets acquired during the same nights, before and after the
integration on Abell 1835, in areas of sky free of known
sources. These blank sky data sets can be used to set a limit
on the level of possible scan-synchronous systematic signals
from detector microphonic response or cold stage tem-
perature fluctuations. Blank sky data can also be used to
probe the level of astrophysical confusion from unresolved
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F1G. 11.—(Top) One, two and three sigma (68%, 95%, 99%) likelihood
contours for the y-parameter and peculiar velocity from SuZIE II obser-
vations of the cluster Abell 1835 in 1996 April. The best-fit values for the
SuZIE 1II data are y, = 6.3 + 1.8 x 107* and v, = 900 + 1500 km s .
Points in the plot are from the fits to each scan, where the difference
between the fit values and the average of all the points has been divided by
the square root of the total number of points. (Bottom) One, two and three
sigma (68%, 95%, 99%) likelihood contours for the y-parameter and pecu-
liar velocity from a combination of SuZIE I and SuZIE II observations of
the cluster Abell 1835. The best-fit values are y, = 4.7 + 0.5 x 10~ * and
v, =700 + 1300 km s~ 1. Also shown are 1, 2, and 3 ¢ contours from the
SCUBA 850 um detection of Abell 1835 assuming that all of the flux is
from the S-Z increment. The parameters of the King model used for the fits
are f = 0.58 and 0, = 0:22, The errors in estimated y-parameter and pecu-
liar velocity are correlated. Because the spectra of the S-Z thermal effect,
the S-Z kinetic effect, and the atmosphere are only partially orthogonal,
significant improvement in the rejection of atmospheric noise is obtained
by fixing the value of either the y-parameter or the peculiar velocity.

point sources, extended galactic emission, and CMB aniso-
tropies. In fact, we have used previous single frequency
blank sky data to place some of the lowest upper limits on
CMB anisotropy at arcminute angular scales (Church et al.
1997).

We calculate the y-parameter and peculiar velocity for
the two regions of blank sky observed in 1996 April. We
observed Region A, centered at R.A.= 16"30™30,
Decl. = 4°0'0” at the beginning of the night and region B,
centered at R.A. = 10"18™30°, Decl. = 5°30'0" at the end of
the night. We use the amplitude of the peculiar velocity
component of the signal assuming a y-parameter value
equal to the best-fit value for Abell 1835 in order to calcu-
late the contribution of the baseline peculiar velocity signal.
The average baseline contributions to the measured y-
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parameter and peculiar velocity in Abell 1835 are A:
y=—0.02+0.65x 10™%, v, =400+ 1001 km s~!; B:
y =0.05+0.54 x 10™%, v, = —100 + 800 km s~ ', where
we have computed the y-parameters assuming no peculiar
velocity component and we have computed the peculiar
velocities assuming no y-parameter component. We detect
no significant baseline for either the peculiar velocities or
y-parameters. Combining the SuZIE I and SuZIE II data
sets with the blank sky observations, we find a y-parameter
of yo =494 04 x 10°* assuming Abell 1835 has zero
peculiar velocity.

5. HUBBLE CONSTANT

In this section we combine S-Z and X-ray observations of
the cluster Abell 1835 in order to determine the Hubble
constant. The determination of H, presented here follows
the prescription outlined by Birkinshaw, Hughes, & Arnaud
(1991, hereafter BHA) and refined by Holzapfel et al. (1997a)
for combining S-Z and X-ray measurements and account-
ing for sources of error.

5.1. Isothermal Gas

We estimate the parameters n,, and d, with measure-
ments of (i) the cluster gas temperature distribution, T(r),
from the spectrum of X-ray emission, (ii) the cluster mor-
phology from the X-ray or S-Z surface brightness distribu-
tion, (iii) the X-ray and S-Z flux levels, and (iv) the
assumptions that the cluster is spherically symmetric and
the cluster gas is smoothly distributed. The X-ray data give
the product of the central electron density squared times the
angular diameter distance, n2,d,:

n%d,=8472387 x 102* cm ™%, (16)

where the error is dominated by differences in the value of
the central density for the different X-ray density models
allowed by the fits to the PSPC data. Assuming an isother-
mal gas distribution with electron temperature, T, =
9.8%2:3 keV, the measurement of the y-parameter of the S-Z
effect gives

nyod, =1.50 + 0.1273:22 x 102 cm ™2, 17

where the first error is due to statistical noise and the
second is due to uncertainty in the electron temperature.
We solve these two equations and find the central electron
density, n,, = 5.64%3:7271-44 « 1072 cm™® and d,=
8671182 Mpc.

We can calculate H,, for different cosmologies using the
standard formula for angular diameter distance in
Friedmann-Lemaitre cosmologies:

d=—S 4, 18
H0(1+z)\/EX(x) (18)

where

x=./x f I+ 221+ Qy 7) — 22 + 2)Q,dZ . (19)

ForQ, = 1,Q, =0, we find H, = 591§ 33, where the first
error is from combination of statistical and systematic
errors in the estimation of the X-ray and S-Z normal-
izations and the second error is from the uncertainty in the
cluster gas temperature. For Q,, = 0.3, Q, = 0.7 we find
Hy,=6621%38,
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5.2. Additional Uncertainties

In determining the error in the estimate of the Hubble
constant and the cluster central electron density, we have
considered both statistical errors in the measurements of
the amplitude of S-Z and X-ray emission and additional
uncertainties in the determination of the y-parameter and
the Hubble constant due to deviations from spherical
geometry, uncertainty in the average temperature of the gas,
uncertainty in the cluster peculiar velocity, and astro-
physical confusion. The contribution of each of these addi-
tional sources of uncertainty to y, and H, are listed in
Tables 4 and 5, respectively. We describe some of these
effects in detail.

5.2.1. Relativistic Corrections

At an electron temperature of 9.8 keV, relativistic correc-
tions to the y-parameter calculation are significant. The
SED of the relativistic S-Z effect has recently been estimated
to high precision by several groups (Itoh, Kohyama, &
Nozawa 1998; Challinor & Lasenby 1998). We use the
parameterization of Itoh to calculate the S-Z spectrum for
Abell 1835 over the range of electron temperatures deter-
mined from the X-ray observations, 8.5 < T, < 12.1 keV.
The spectra of the extreme cases are shown in Figure 12.
The allowed temperature range gives an error in the esti-
mate of the y-parameter of +0.01 x 10~* due to relativistic
corrections to the S-Z thermal spectrum.

The change in position of the S-Z null for different gas
temperatures introduces different amount of S-Z thermal

TABLE 4

PeAkK COMPTONIZATION AND CONTRIBUTIONS TO
UNCERTAINTY USING THE BEST-FIT
ISOTHERMAL MODEL

Uncertainty

Source (o x 10%
Statistical ............c.ceeeennet 49 + 04
Baseline ........ccoovviininnnn. +0.13
Calibration ..................... +0.26
Position ..........cveuinnennnn.. roos
Density Model ................. 997
Peculiar Velocity............... +0.23
Radio Confusion................ +9.03
Primary Anisotropies.......... +0.11
Total ...ooovviiiiiiiiinen. 49 + 0.6

TABLE 5

H, USING MASS-WEIGHTED TEMPERATURE FROM A
MULTIPHASE MODEL AND X-RAY
NORMALIZATION FROM ROSAT PSPC AND

HRI IMAGES
Uncertainty
Source (km s~! Mpc™ 1)
X-ray normalization............ +3s
S-Z normalization .............. MEE
Central temperature ............ 383
Total .oovvvniniiiiiiiiiiiiieeene 5939

Note.—The S-Z normalization includes uncertainties
due to statistical uncertainty, baseline, calibration, and
astrophysical confusion.
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F16. 12—S-Z flux vs. frequency integrating the best-fit King model for
the surface brightness of Abell 1835 over a 17 FWHM Gaussian beam.
Fluxes are from the S-Z thermal effect assuming an isothermal gas tem-
perature of 9.8 keV and y-parameter of 4.9 x 10~ (dot-dashed line) and
from the kinematic effect assuming a peculiar velocity of 1000 km s~ !
(dashed line). Solid circles are SuZIE measurements at 145 and 221 GHz.
Open triangles are published point source fluxes for Abell 1835 (from
Cooray et al. 1998 and Edge et al. 1999). The solid lines show extrapo-
lations of the point source fluxes to millimeter wavelengths, using an index
of o = 0.84 for the radio emission and a graybody spectrum with n = 1.5
for the dust emission.

signal into the SuZIE peculiar velocity channel at v = 221
GHz. For the best-fit y-parameter of y, = 4.9 x 10™* we
calculate the residual thermal S-Z signal in the 1.4 mm
channel as a function of electron temperature. We show the
results of this calculation for the nonrelativistic S-Z effect
and for the relativistic S-Z effect with electron temperatures
of 8.5 and 12.1 keV in Table 6. The residual signals corre-
spond to equivalent peculiar velocity signals smaller than
400 km s~ ! for all channels over the range of electron tem-
peratures determined from the X-ray observations of Abell
1835.

5.2.2. Density Model Uncertainties

The distribution of the electron gas in Abell 1835 at large
distances from the cluster center is best measured by the
ROSAT PSPC. Because the amplitude of the S-Z effect
depends on the integrated electron density rather than the
density squared, it is less sensitive to the central density
enhancement from the cooling flow than to the parameters
of the best-fit King model at large radii. We use the extreme
values of f and 6, within the 68% contours from the fit of
the King model to the PSPC data and calculate the change
in S-Z normalization. The best-fit values are
B = 0.58 + 0.02 and 6, = 0:22*3:32. However, the values of

TABLE 6

RESIDUAL SIGNAL FROM THE S-Z THERMAL EFFECT IN THE
221 GHz CHANNELS OF SuZIE 11

ELECTRON CHANNEL
TEMPERATURE
T, 2+ 2— 5+ 5—
nr......ooo.... 383 162 338 220
85keV....... 42 —154 8 —99
121 keV...... —172 —353 —202 —301

Note.—Signals are expressed in terms of an equivalent

peculiar velocity signal in km s~ 1.
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B and 0, are correlated with f ~ 0,(arcmin) + 0.36 + 0.05.
We calculate y, = 5.0 x 10~ for B = 0.60, 6, = 020 and
Yo = 4.8 x 10~ for B = 0.56, 0, = 0.24 giving an error in
the estimate of the y-parameter of Ay, = +0.1 x 10™* from
density model uncertainties.

5.2.3. Deviations from a Spherical Gas Distribution

Deviations from spherical geometry will generate S-Z
amplitudes that are too high relative to the X-ray intensity
if the long axis of the cluster is aligned with the line of sight
or too low if the cluster is elongated perpendicular to the
line of sight. Enhancement of the S-Z signal will produce an
underestimate of the Hubble constant by 1 — €, where € is
the cluster ellipticity (BHA). The orientation of a random
sample of clusters should average to zero so that this error
can be reduced with a large enough sample. However, in
this era of first detections of the S-Z effect at millimeter
wavelengths, experiments naturally target the brightest
clusters in the X-ray, which can bias the sample toward
clusters elongated along the line of sight and therefore low
values of H,. Cooray et al. (1998) point out that this effect
should anticorrelate to the estimation of baryon fraction in
clusters since the Hubble constant is proportional to

1
H, o WA (20)
and
432
Fuan e s @)

where Z = (1 — €2 — €)cos? (0))'/* and 0 is the angle
between the cluster main axis and the line of sight. If we
assume that the anticorrelation between H,, and f,; in the
cluster sample used by Cooray is due to variation in cluster
ellipticity we find an error in the Hubble constant calcu-
lation with a rms of AH,/H, = €,,, = 0.3 assuming that
clusters have values of Z distributed randomly between the
maximum and minimum values from the 10 cluster sample.
This value is similar to the average ellipticity for a large
sample of clusters, € =0.277 (McMillian, Kowalski, &
Ulmer 1989). X-ray and millimeter-wave measurements
with improved angular resolution can reduce this error in
individual clusters.

5.2.4. Peculiar Velocity

We can use the limits to the peculiar velocity determined
from the multifrequency millimeter-wave measurements of
Abell 1835 to estimate the error in y-parameter. For a pecu-
liar velocity of 860 km s~ the signal at 145 GHz is:

AT
Ayo(145 GH2) ~ = % z. 22)

For Abell 1835, © = y,/(kT,/m,c?) = 0.023 so that the error
in y, from the peculiar velocity limit is Ay, + 0.77 x 10~*.
Cosmological models predict values of less than 300 km s ~*
for the rms peculiar velocity of clusters of galaxies in a high
density universe (Haehnelt & Tegmark 1996). The error in
the y-parameter measurement due to this cluster peculiar
velocity rms is on average Ay, + 0.1(/0.01) x 10~ *. We use
this error in our final error budget. Measurements at lower
frequencies in the Rayleigh-Jeans region of the CMB spec-
trum have 2y, = AT/T and are half as sensitive to the
effects of peculiar velocities.
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TABLE 7

S5Hrs00) USING MASS-WEIGHTED TEMPERATURE FROM A

MULTIPHASE MODEL, A BETA MODEL DENSITY DISTRIBU-

TION WITH f =0.58, 6, =022 FrRoM ROSAT PSPC
AND HRI IMAGES AND S-Z NORMALIZATION

BARYON FRACTION AND UNCERTAINTY

Source Uncertainty

X-ray normalization............ +0.00¢
S-Z normalization .............. +0.018
ﬂ +0.036
.................................. +0.038

r +0.028
0 e +0.028
Central temperature............. +0.022

Total c.ueeeenieiiiieieiieeanen, 0.155%5-938

5.2.5. Astrophysical Confusion

Astrophysical confusion from randomly distributed
sources is expected to be small at mm wavelengths (Fischer
& Lange 1993); however, strong emission is often observed
from dust and radio sources at the center of clusters with
large cooling flows. A survey of X-ray selected clusters with
z < 0.1 showed 71% of cD galaxies in X-ray clusters with
central cooling flows had significant radio emission at 6 cm
(Burns 1990). In this sample the radio brightness was
observed to be correlated with both the accretion rate of the
cooling flow, M, and the pressure of the intracluster gas,
n, kT, Abell 1835 has both a large electron pressure,
N0 kT, = 1.64 x 1071° dyn cm ™2, and one of the largest
cooling flows observed in any cluster, M = 2000 M yr~ 1,
Cooray et al. report the detection of a point source at the
position of the central galaxy of A1835 at 28.5 GHz with a
flux of 3.3 + 0.9 mJy. Combining this measurement with
data at 1.4 GHz (Condon, Dickey, & Salpeter 1990) gives a
spectral index of a = 0.84 (Cooray et al. 1998). Pointlike
emission from Abell 1835 is also detected by IRAS at 60 um
and more recently by SCUBA at 450 and 850 pum with
fluxes of 20 + 4 mJy and 4 + 1 mJy, respectively (Edge et al.
1999). Scaling these measurements to A = 2.1 mm with a
power-law spectral index gives a total flux limit of less than
1 mJy or Ay, < —0.2 x 10~*. We include this error in
Table 5 under source confusion.

It is also possible for the measurement of the S-Z effect to
be confused by the presence of primordial anisotropies of
the CMB. The spectrum of these distortions is identical to
that introduced by the S-Z kinematic effect and, therefore,
especially serious for the determination of cluster peculiar
velocities. Haehnelt & Tegmark (1996) have estimated the
confusion limits from primary anisotropies to the determi-
nation of peculiar velocities. We can use their results to
determine the effect of primary anisotropies on the mea-
surement of the peak Comptonization. For Q =1 (CDM)
models with Q.. =001 —-01 and our beam size,
| Av,.. | < 300 km s~ '. Therefore, primary anisotropies add
an uncertainty of Ay,/y, = +3.6% to the peak Com-
ptonization parameter in A1835.

6. BARYON MASS FRACTION

Most of the baryonic matter in galaxy clusters is in the
X-ray emitting gas. The mass of this gas is equal to the
integral of the gas density, which can be parameterized by a
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beta model:
r r —3p/2
M) = mpf drn,or?| 1+ - dr (23)
0 c
or a dark matter profile:
Mr) = mpf dmn,,r*(1 + x)"dr , (24)
(0]

where x =r/r,, n=4nGp,rZum,/(kT,) and p,=p.6,
(1 + 2)3Q,/Q, (Navarro, Frenk, & White 1997). The total
mass within a radius, r is related to the temperature of the
gas assuming hydrostatic equilibrium:

_3BKLr (/)
G pm, 1+ (r/r.)?

The ratio of gas mass to total cluster mass can be estimated
from measurements of the gas temperature T, spatial dis-
tribution, r,, §, and density normalization, n,,. In general,
the gas fraction varies with cluster radius and values for
different clusters are compared at a radius where the
average density is 500 times the critical density:

3MT(;'500) — 500 87I_ZG ‘
47300 H;

The gas fraction determined from a sample of over 200
clusters using data from X-ray measurements alone
assuming a beta model density distribution is f jer*(rs00) =
(0.120 + 0.004)h55** (Cooray 1998b; Evrard, Metzler, &
Navarro 1996). Recently the gas fraction has been estimated
to be f ™ (rs00) = 0.168h55* with a 95% confidence range
of 0.101 to 0.245 from an analysis of ROSAT PSPC data for
36 clusters using the dark matter density profile from
Navarro et al. (Ettori & Fabian 1999). The same calculation
has been made for 10 clusters using the S-Z flux to find the
density normalization and gives values of /5,5 ranging from
0.11/hs, to 0.25/hs, (Cooray et al. 1998). We find a baryon
fraction for Abell 1835 assuming a beta model to be

Sas(rs0) = (0.15523:038)h5 . The individual contributions
to the error in this estimate from the uncertainty in the
parameters r., f, Tx, and S-Z normalization, n,,d,, are
given in Table 7. Using our best-fit normalization to the
deprojected density profile from the ROSAT HRI image of
Abell 1835 of n2,d, = 847+3:%7 x 10>* cm~> we find
faa(rsoo) = (0.20 £ 0.05)h54™>.

These estimates depend on the accuracy of the assump-
tion of hydrostatic equilibrium in the gas. Estimates of total
mass from strong gravitational lensing in clusters agree well
with the estimates from the X-ray emission temperatures
and profiles for cooling flow clusters. However, high central
density in cooling flow clusters can bias measurements to
high values of gas fraction. To understand these systematic
effects and place limits on cosmological matter density and
cluster evolution it is important to obtain a sample of both
X-ray and S-Z measurements for both cooling flow and
noncooling flow clusters over a range of redshifts.

M(r) (25)

(26)

7. SUMMARY

We have presented observations of the cluster Abell 1835
with the SuZIE I receiver at 142 GHz and with the SuZIE II
multifrequency array at 145, 221, and 279 GHz. We detect
the Sunyaev-Zeldovich effect as a decrement in the intensity
of the CMB with both receivers at 142 and 145 GHz. The
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amplitude of the effect from both measurements agree
within the statistical errors and provides a good check for
systematic baseline effects. The combined y-parameter mea-
surement is y, = 4.9 + 0.6 x 10~ % We have used the multi-
frequency data to place an upper limit on the peculiar
velocity of Abell 1835 of v, = 500 + 1000 km s~ '. Finally,
we combine the millimeter-wave S-Z measurements with
X-ray observations of Abell 1835 with the ROSAT and
ASCA satellites to calculate a value for the Hubble constant
of Hy=59%38 kms~! Mpc~1.

The S-Z effect has now been detected in many of the
brightest X-ray clusters with both interferometers and
single-dish observations at centimeter to submillimeter
wavelengths (see Birkinshaw 1999 for a list of published
results). The error in the estimate of the Hubble constant
from statistical noise in these measurements is small com-
pared to the estimated systematic errors. Additional data
from SuZIE observations in a sample of ~20 clusters is
under analysis using the methods described in this paper.
Future data from X-ray satellites such as CHANDRA and
ASTRO-E can reduce the errors in the estimation of cluster
gas temperatures and morphologies which dominate the

uncertainty in the calculation of the Hubble constant.
Future measurements of the S-Z effect from ground-based
interferometers and single-dish telescopes will provide S-Z
maps with high sensitivity and angular resolution compara-
ble to the ROSAT images.
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