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Abstract. We present Sunyaev-Zel’dovich Effect (SZE) observations of
distant, highly X-ray luminous clusters of galaxies. We use the SZE data
to constrain their total masses, independent of X-ray observations. To
do this, we assume the clusters have the same gas mass fraction as that
derived from SZE measurements of a sample of known massive clusters,
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and then infer each duster’s mass from its SZE data. In the systems
wl P W X‘ray temPGratures>we find good agreement between our
WJjrdemed temperatures and those inferred from X-ray spectroscopy;
m the system without X-ray derived temperatures, the SZE data provide
the first confirmation that it is indeed a massive system.

Sundance of clusters at high redshift is critically sensitive to
he values of the cosmological parameters and so the demonstrated ability

inHpilTT fv St6r Jemperatures and masses from SZE observations

_— - .
Eg BP(]) o Eh‘e {jis{arr?lyuniver's”el.mrates the power of using deep SZE surveys
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together, these three mass determinations can provide checks on the acccuracy
of and systematic uncertainties in each method.

The Sunyaev-Zeldovich Effect provides a measure of the ICM pressure in-
tegrated along the line of sight (Sunyaev & Zeldovich 1972; Birkinshaw 1999).
The SZE is manifested as a change in the observed brightness temperature of
the Cosmic Microwave Background (CMB) radiation that results from passage
through the cluster’s thermally ionized gas:

ATthermal _ f(u,Trg)\-/-\E-/:E )( nerlneél;l, D)
MB TUeC J

where Tgmb is the microwave background temperature; or is the Thomson
scattering cross section; and me, ne, and Te are the electron mass, density, and
temperature. The frequency dependence of the SZE is contained in the factor
f(v,Te), and includes relativistic effects; in the Rayleigh-Jeans regime of the
CMB spectrum, f(u) ~ —2.

The integrated SZE flux is proportional to the gas mass in the cluster,
weighted by the gas temperature:

/ldCI/\T ~ Mgas(Te)D "2, 2

where Da is the angular diameter distance to the cluster. The total

tional mass of the cluster can be determined from ne(r), w ic iscons r i

spatially-resolved SZE measurements, and the electron temperature The

the gas mass fraction, fgas, of the observed cluster can e e tion

from the measured SZE and the cluster’ temperature Under thee

that the cluster gas mass fraction approaches a universa va ue, we "

relation around and instead estimate the cluster’s ICM temperature (and thence

the mass) as that which reproduces the universal fgasm fiv
We ie this method to measure the masses of two d,sta<nt dusters recently

discovered in X-ray surveys, and a cluster at simiar re s 1

temperature and mass, to provide a test of the metho

2. Method

The gas mass fraction is calculated from an SZE observation « a ot~
cluster's ICM temperature. If we parametrize the electron dens.t,“ntahon

as an isothermal beta-model (Cavaliere k [W Fenuano 1976, 1981) w.tn
core radius rc

Ne\" 352 (3)

ne(r) = neo (I + (r/rc) j

the spatial distribution of the gas density can be recovered from the projected
SZE effect:
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where 9 = r/D”, 0C= rcd/dj\, and AT(O) is proportional to neox Te. The central
electron density can therefore be recovered from this relation:

:-_AT(O@%GCZ i f[D7[ /[1+("_)2) ~3j3/2 |);) &

where the integral, dl, is along the line of sight. The gas mass is simply the
electron number density integrated through the cluster volume, multiplied by
the mean atomic weight of the ionized species:

Mges ~ (impj ne(r)dV. (6)

hydrostatic equilibrium in the cluster potential, the cluster’s
total mass can be determined from the gas density distribution:

Mtot(< r) = (dinne(r)\
HtnvG V dinr ) 10
Grevesse (1987 AN
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Figure 1. Synthesized images of the SZE decrement in
Cl1J1226.9+3332, Cl1J0152.7-1357, and MS 1054.4-0321. Left panel:
Synthesized image of C1J1226.9+3332, obtained by applying a Gaus-
sian taper with a half-power radius of 1 kA to the interferometer (u—v)
data, yielding a resolution of 99.3" x 87.4" at position angle (p.a.) 32°.
Contours are multiples of 290 /iJ (1.5<r), and the rms is 190 fiJ. Center
panel: Synthesized image of C1J0152.7-1357, obtained by applying a
Gaussian taper with a half-power radius of 1 kA to the u —v data,
yielding a resolution of 151" x 87".9 at p.a. 4°. Contours are multiples
of 480 nJ (1.5cr), and the rms is 320 //J. Right panel: Synthesized im-
age of MS 1054.4-0321, obtained by applying a Gaussian taper with
a half-power radius of 2 kA to the u —v data, yielding a resolution of
73".1 x 45".5 at p.a. 2°. Contours are multiples of 120 [iJ (1.5ct), and

the rms is 80 /xJ.

al. 2000). The temperature of MS 1054.4-0321 was estimated by Donahue et

al. from ASCA data to be 12.31 212 keV- . t ~privpd
The SZE images of these three clusters are shown m Figure 1. T
temperatures and the total mass within 65" for each clus er™(viaq which

reported in Table I. The range in temperature and mass reflect the
give a gas mass fraction within the sample mean oft e rpgo

value. We make a number of assumptions in these ca cu a ion « eauilib-
isothermal; is spherically symmetric; and that the 8as s m * fractions for
rium, supported only by thermal pressure. However the gas masJ

ClJ1226.9+3332 and C1J0152.7-1357 are calculated m exactly lyalue

as those used to determine the universal fgas- We have use
°f fgas in a comparative rather than an absolute way, an

Table 1. Cluster Properties derived from SZE measurements

Cluster rpXxrny fp Mtotal[<” ]
Name (keV) (keV) (101 h MO)_
ClJ1226.9+3332 = 9.8+ 27+ 05
ClJ0152.7-1357 6.5t{-2  8.7i;] 21 +0.7

MS 1054.4-0321 12.3*9 10-4+on 23+0-3 _
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Recent work confirms the accuracy of the SZE mass measurement method.
Jeltema et al. (2001) analyzed a 91 ks Chandra ACIS-S observation of MS 1054.4
-0321 and find the emission-weighted temperature to be 10.41™5 keV at 90%
confidence, lower than but consistent with the temperature of 12.3~2 keV in-
ferred from ASCA data in Donahue et al. (1998). We also compare the total
mass calculated for this cluster via the SZE method with the mass determined
by weak lensing. Hoekstra et al. (2000) infer a total mass of 5.4+ 0.6x | 014fi}-g
Mg within a 94 " aperture. The SZE data imply a value of Mfafaf (< 94") =
4.6 £ 0.8 x 1014/j10g Mq, consistent with the lensing measurements. Thus we
conclude that estimating cluster masses from SZE data and a measurement of

the cluster redshift is a viable means of determining cluster temperatures and
masses without X-ray or lensing data.

3. SZE Survey

variousd e n t h s ~ a ™ surveys are P*ned for the near future, with
SI3 i alred?TM T * AI se”silivi* I°f* SZEIk b

al. 1996 Holder et al \OW)LILTV TIf* ~ _ "Bartlett & Si 45 Barbosa et
of a universal ?ga W) -Forlows from nguaglon Ean(} %%e assumpfalon

large areas to relativoK6 ®&o'Pe™ /nt"® two tyPes °f surveys: those which cover
the Planck Surveyor SaMn °W pt%s’ sim”™ar to what can be expected with

expected with upcoming v °1' s Jer’ relatively deep surveys, such as those
Carlstrom et al. (2000) efforts- The left panel of Figure 2, from
two types Of surveys. The

6 aPProximate expected limiting mass for the
like survey is a limit m tv, mum  a*sensitivity used to represent the Planck-

deep noA °f 15 at 30 GHz' **

SHRAUIDRRAIURATE 2150 oM M S 4 an AMEiMAYE Massifitfor BRSRAG
will be able to probe sompwif f simple X'ray flux limit. A deep SZE survey

promises to be a very interesting * redShiftS paSt * ~  which

degrélg\ origmﬁﬂﬁlﬁw%gli%rp\( hf v exPected cluster counts per square

survey can expect to find ro*hlv! * ? =°'7,/i = °-65’* = 1)- A deep SZE
On the other hand, even tho.Lv, t < ter Per square degree with z > 1.5.
ut>a survey that covers half 4, a. allow survey has a relatively high mass

'I'_heSZAgnS u nglas S ~Mi™N WWMfind ~ 10000 dusters' i
eight 3.5 m telescopes to Array), a project in development, will
comprising the OVRO Milling! &6X1Stins array of six 10.4 meter telescopes

in the centimeter wawL fllU array will have two receivers,
( -115 GHz) regimes. The S7TA "ni

(26-36 GHz) and millimeter wavelength

n correlate 8 GHz bandwith win! uS6 a w”eband digital correlator, which
elescopes are specified to be bi.il .~ out 20 MHz resolution. The 3.5 meter
The S7A haS the Capability to operate a /v S*urface accuracy of 30 ftm, so that
mi,, A IrVFy ISexpected to ha™ higher frequencies at an improved site.
“ figure 2. 10 h* » xw tivity similiar to the curves labeled “0.5

N
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Such a survey will be able to probe the universe to high redshift and clusters
of a cosmologically interesting range of masses. As the cluster masses can be
determined from the SZE data itself, the SZA survey can provide constraints on
cosmological parameters independent of other determinations.
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Figure 2. Illustration of the projected yield of SZE cluster surveys.

Left: Mass limits as a function of redshift for a typical wide-field type
of survey (sensitivity limit of ~ 15 mJy at 30 GHz) and for a typical
deep survey (~ 0.5 mJy). The approximate XMM serendipitous survey
limit is also shown. Right: Differential (top) and cumulative (bottom)
counts per square degree as a function of redshift for the two SZE
surveys shown at left, assuming a ACDM cosmology (Holder et al.

2000).
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