Temperature pro les of relaxed clusters of galaxies out to v irial radius
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1. Abstract

We propose to perform spatially resolved spectroscopy on taxed clusters of galaxies A2104, A963 and A2261 to map their
temperature out to the virial radius r 178 with 10% precision in a few arcmin scale, which has not been de@ before to any
cluster. Combined with Chandra imaging of these clusters, he proposed measurements will be used for accurate virial @h
baryonic mass estimation assuming hydrostatic equilibrium. We use this information to calibrate the cluster M-T and L-T
scaling relations, and their evolution. We will constrain the cosmological parameters y and via the baryonic fraction and
the mass function. Due to the stable and low background of XISdetectors, with Suzaku it is possible to perform this challeging
and cosmologically important task.

2. Description of the proposed programme

Clusters of galaxies, the largest gravitationally bound oljects of the Universe, originate from primordial density u ctuations
that grow denser and nally collapse into protoclusters, heating the gas to X-ray temperatures through the released graitational
potential. The Press-Schechter formalism can be used to rate the model spectrum of the primordial density uctuation s to
the observed mass function of collapsed objects. The funah is most sensitive to cosmological parameters (v, ) in the
high mass end, i.e., at scales of galaxy clusters. Therefaremeasuring the masses of clusters of galaxies is useful farrstraining
cosmological parameters.

Furthermore, since the X-ray gas is the dominant baryonic canponent in clusters, the measured gas density pro le can be
converted into baryonic mass distribution of the cluster. The baryon fraction can then be used to constrain the cosmolagal
density parameter (e.g. Allen et al., 2002), using a singlelaoster.

Relaxed clusters are of particular interest in cosmology beause the balance of gas pressure and gravity in these clussgrovides
a tool to derive the cluster total mass. The X-ray observatians yield the temperature and surface brightness distributons which
can be used to calculate the gas density and pressure distniion.

In order to use clusters for cosmological purposes via massrfction of baryonic fraction, one needs to derive the clustgs total
mass, i.e., the mass within the large virial radius ( 1-2 Mpc). In hydrostatic equilibrium, the total mass within a given radius
is approximately proportional to the local temperature at t hat radius. Thus it is imperative to measure the cluster temperatures
at large radii to a good precision. The largest samples to da used to measure temperature pro les, with ASCA (Markevitch
et al., 1998), BeppoSAX (De Grandi & Molendi, 2002), XMM-Newton (Pointecouteau et al., 2005) and Chandra (Vikhlinin et
al, 2005) data, cover the clusters only out to 0:5r178. Those results indicate a signi cant radial decline of the temperatures
with radius, but cannot directly measure temperature at the virial radius. Thus the temperatures currently inferred at the
virial radius have been likely overestimated and, with them, the cluster masses atr;7g. If this situation is con rmed by the
observations we propose to perform, it would have signi cahimplications to cosmology: the baryonic fraction have so &r been
systematically underestimated, and the high-mass contrilution to the mass function overestimated.

The issue that has rendered observations at the virial radis problematic is the faintness of the cluster emission at lage radii,
compared to the background. The main obstacle, especially ith the instruments onboard XMM-Newton and Chandra, are
the solar particle ares which induce a strong and chaotic bakground component. We found that cleaning the data with a
double- Itering method improves the XMM-Newton EPIC backg round prediction, but the remainder ares render the blank
sky based background estimate uncertain by 5-20% in the 0.& keV band (Nevalainen et al. 2005). This level of uncertainy
is critical when analysing faint cluster signals. Fortunately, Suzaku, like ASCA before, ies in a low Earth orbit and thus the
Earth's magnetosphere prevents the solar are particles toenter XIS detectors which renders the XIS background very sable.
Furthermore, the particle-induced background level in XIS Fl instruments is only 10% of the quiescent level in the XMM-Newton
PN instrument (see below) while the e ective area of one XIS H unitis 50% of that of PN. Thus, Suzaku has great potential for
the challenging and cosmologically important task of measting cluster temperatures out to the virial radius with good precision.

3. Justi cation of requested observing time, feasibility a nd visibility

In this section we describe the target selection, based on #h measuredSuzakubackground and detector properties. Due to
the rapid degradation of the soft band e ciency discovered in the XIS detectors, we limit our considerations to the 1-7 k&/
band. The on-board calibration sources in the corners of theXIS detectors reduce the useful detector region and thus inhe
following we estimate the eld-of-view (FOV) as a circle with a radius of 9 arcmin.

Experimenting with the provided North Ecliptic Pole observ ations, we found that in the 1{7 keV band, the total background
in the back-illuminated (BI) XIS1 unit is by a factor of 1.6 hi gher than that in a single front-illuminated (FI) unit. Comp arison
of the total e ciency of the Bl and a FI unit (by folding a mekal model with T=6 keV through the Bl and FI responses) shows
that Bl unit is only 10% more e cient in detecting photons tha n a Fl unit. Thus XIS1 is less sensitive to faint di use sources
than the FI units, and therefore we exclude it from our estimaes. When converting model uxes into XIS FI count rates, we
use the provided response les ad-1_a0220061025.rmf and ae8FI_xisnom6.a0220061025.arf.
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Figure 1: Left panel: ROSAT HRI image of A2104. The big blue circle shows r 175 = 13 arcmin, while the smaller green circles show the propose d
Suzaku pointings. Middle panel: The lines show how the di erent parameters limit the allowe d T-z parameter space assuming =0.54 andr . =170
kpc. Asterisks mark the allowed T-z parameter space when imp osing the criteria 9 ©  ri7s  15% and Sci7g > 0:3  Spi7g. Right panel: The predicted
surface brightness pro le of A2104 as observed with a single XIS FI unit (solid line). The dashed line shows the backgroun d level. The dotted line
shows the stray light contribution when placing the cluster  center 2 arcmin away from the edge of the FOV.

a) XIS background properties

We used the provided North Ecliptic Pole spectrum (NEP_xisnom6mm.det. _rev.pi) as an estimate of the XIS detector
background in a 4.34 radius circle centered at the center of the FOV. Consideringthe vignetting, and that the actual count
rates per instrument are 1/3 of those in the above le, we obtaned an on-axis background surface brightness ofyS=3:9 10 4
counts s * arcmin 2 in the 1-7 keV band per XIS FI unit.

The main background components in the XIS instruments in the 1{7 keV band are the Cosmic X-ray Background (CXB)
due to unresolved point sources, the Galactic emission (GEand the cosmic ray induced emission (non X-ray background or
NXB). The CXB and GE components are stable and can be estimatd using ROSAT All Sky Survey data in the outskirts or
the proposed clusters. Thus, in the following we neglect thig e ect on the total background uncertainty.

The major concern is the accuracy within which we will be ableto predict the NXB. Suzaku team communicates that the
accuracy of the provided tool mk corweighted bgd_v1.0.pl for modeling the NXB is 5{10% at 1 level at the moment and that
it will improve in the future. Since the level of NXB in XIS Fl i nstruments is only 10% of that in XMM-Newton PN instrument
(see Fig. 2) we expect the nal XIS NXB reproducibility to be b etter than that of the quiescent NXB of PN, i.e. 3% in the
1{10 keV band (Nevalainen et al. 2005). Considering that theNXB constitutes only 40% of the total XIS background (see Fig
2) we will assume in the following consevatively a 3% uncertiaty of the total XIS background spectrum estimate in the data
analysis procedure outlined below.

The stray light contamination due to photons originating fr om cluster regions outside the FOV, which end up in the detecbr
due to multiple collisions with the mirrors, needs to be congdered. This phenomenon has a small, yet non-negligible ptmability
of occurrence. In order to minimize the stray-light contamination from the bright cluster center, we propose to place tte cluster
center within the FOV, 2 arcmin away from the edge of the FOV (Fig. 1). This scheme allows us to accumulate data out
to 16 arcmin from the cluster center. We obtain our stray light estimate by calculating the fraction of cluster emission that
falls outside the FOV, convert it into XIS counts, divide by a factor of 1000 (according to the Suzakuteam estimate for the
stray-light e ective area) and assume that the stray-light is evenly distributed across the FOV. This is not an exact esimate,
since the stray light a ects more detector regions near the at-of-FOV source, but a conservative one, because at largeadii
the actual stray light will be less than the average value. Werequire that the stray light contamination in the above pointings
scheme not exceed 1% of the total detector background at;7s.

(b) Target properties

In order to nd a list of suitable clusters for which to measure the temperature at the virial radius, we rst estimated the
cluster surface brightness at the virial radius using the pilished redshift and temperature. We approximated the virial radius
as the radius within which the average total mass density is I8 times the critical density, i.e., ri7s. We started by assuming a
self-similar scaling relation for the mass-temperature réation and normalised it using the A3571 BeppoSAX + ASCA obsevation
of Nevalainen et al. (2001), to obtainM 175 =9:1 10"(T=6:9keV)¥*®> M . Using this relationship we rst estimated the virial
massM 17g and then the virial radius from the de ning relationship M17g % rde 178 it -

With the virial radius in place, we estimated the unabsorbed bolometric luminosity from the observed L T relationship
Lbol = 3:1 10* (T=6keV)%®* (1 + z)%® h,? erg s ! (Kotov & Vikhlinin, 2005). We then computed the cluster dist ance
for the concordance cosmology (v =0:3, =0.7, h=0.7) and predicted the observed surface brightness usinghe -model
distribution S(b) = Sp (1 + ( %)2)( 3 +2) , wherebis the projected radius. The absorbed ux is calculated usirg the Dickey
and Lockman (1990) H column density towards the cluster, thepublished and r. values and then converted to XIS count rate



Table 1: Target properties, listed in the order of decreasing priori ty. T, r ¢ and are taken from Ota & Mitsuda (2004). The virial radius r  17g is
estimated according to the procedure outlined in section 3( b). Sci7s, Spi7g and Ssi7g are respectively the surface brightness of the cluster, bac kground
and stray light, at r 17s.

name T 2 NH 5 e S S
[keV] 10?° cm 2 [kpc] [

A2104 7.7 0.1554 8.7 170 0.54 13 0.5 0.004

A963 6.8 0.206 1.4 70 0.50 10 0.4 0.001

A2261 6.6 0.224 3.3 65 051 9 0.3 0.001

predictions using the above mentioned response les.

The size of the XIS FOV (9° radius) sets the main constraint on the suitable clusters, &., a typical virial radius of 1.5 Mpc
for a T=5 keV cluster corresponds to r176=30° at z=0.05. This size would require several pointings to covethe cluster out to
the virial radius. Thus, suitable clusters for our project must have moderate redshift (z 0.1).

Due to uncertainties in the calculations, we requirer;7g 15 arcmin in order to securely cover f7g. On the other hand,
Suzakus point-spread-function has a 2 arcmin half-power diamete, and this sets an e ective minimum virial radius if one is to
measure temperature pro les with enough radial bins. We setthis limit at ri;7g 9 arcmin, which in turn sets an upper limit
on the cluster redshift ofz  0:3.

Another limit for the suitable clusters comes from the requrement that the adopted 3% uncertainty in the background
estimation results in less than 10% uncertainty in the backgound-subtracted signal atri7g. In our simulations below, we found
that this level corresponds to less than 5% uncertainty in the temperature measurement, which is our requirement. This reans
that Sci7s 0:3  Spivs, Where S¢i7s is the cluster's surface brightness andSy; 75 is the background surface brightness at 17s.

The required properties that the virial radius is in the 9° ry7g3  15°interval, and that Sci7s 0:3  Spivg, can be translated
into precise redshift and temperature requirements for thesuitable clusters (see Fig. 1 for the case of a =0:54 andr. = 170
kpc cluster). One sees that the requirements are rather strigent, as the allowed redshift range is z  0:05, and that cool
clusters (< 6 keV) are excluded by the cluster-to-background brightnes requirement. Following the method described above,
we used the results of ASCA GIS spectral analysis and ROSAT HRsurface brightness analysis (Ota & Mitsuda, 2004) for a
sample of clusters for a case-by-case computation of the dter surface brightness. The calculations revealed that thee relaxed
clusters in that sample satisfy our criteria: A2104, A963 aml A2261 (in decreasing order or priority). We plan to use Charlra
imaging of these clusters (obsid: 895, 903 and 5007) for mappy the gas emissivity distribution since it has better anguar
resolution than Suzaku.

In SWG and AOL lists there are A-category observations of clsters A1413 (z=0.14), A1795 (z=0.062) and A2052 (z=0.035)
aimed at similar scienti c goal as in our proposal. Our propcsed observations will complement the cluster analysis in tw
ways: 1) increased number of well measured clusters out to Kal radius will enable the correlation analysis of clusterproperties
and 2) our clusters expand the redshift range beyond 0.2, thsi allowing for studies of the evolution of the cluster scaliig relations.

A2104

A2104 (RA = 235.0250, DEC = -3.2950 , z=0.1554) is classi ed as a relaxed cluster (Ota & Mitsuda 204) with a central 6
arcmin average temperature of 7.7 keV. With this information we estimated that the size of 75 is 13 arcmin. Using the best- t

- pro le parameters (= 0.54 and r; = 1.0 arcmin = 170 kpc) we estimated that at r 175 the cluster surface brightness is 50%
of the background surface brightness (see Fig. 1). The estiated stray light contribution at r 175 is 0.4 % of the background

level, i.e. negligible. Using the VIEWING tool, during AO2 p eriod A2104 is observable between Jul 26 - Dec 12 2007 and Jan
18 - Mar 4 2008

A963

Based on ROSAT HRI imaging (Ota & Mitsuda 2004), and Chandra imaging (Tesla et al. 2005), A963 (RA = 154.2902, DEC
=39.0167) is a very relaxed cluster. Its reported properties (z = 0.2, T=6.8 keV) yield r 173 = 10 arcmin. Using the reported

pro le parameters = 0.50 and r, = 21 arcsec = 70 kpc, the cluster surface brightness is 40% ohe background brightness.
Stray light contamination at r 175 is 0.1 % of the background level. A963 is observable by Suzakin periods April 11 - May 30
2007, Oct 9 - Nov 25 2007 and April 10 - May 29 2008.

A2261

A2261 (RA = 260.6167, 32.1533) has rather similar properties as A963: (z=0.224, T=6.6 keV, = 0.51, r, = 18 arcsec =
65 kpc) and is classi ed as a relaxed cluster. At 75 (= 9 arcmin), the cluster surface brightness is 30% of the bakground
brightness. The stray light contamination at r 175 is estimated as 0.1% of the background level. A2261 is obseble by Suzaku
in periods Jan 18 - Apr 13 2007, Aug 02 - Oct 27 2007 and Jan 19 - A&pl2 2008.



c) Statistics

Our goal is to measure the cluster temperatures aroundrg in a few arcmin annulus with 10% statistical precision. Cluger
temperatures in the inner annuli will accordingly be measued with better precision. We show in the following that the required
exposure time is 100ks for each proposed cluster.

In the following we examine the A2104 emission in the clusteregion contained in such a fraction of a 10{15 arcmin annulus
(r17s = 13 arcmin), centered on the cluster center, which is coverd by a single pointing (see Fig. 1). Since 17g and cluster
uxes at r17g for A963 and A2261 dier from A2104 only by 20% and 5{20% respetively, the same pointing scheme applies
to all proposed clusters (see Fig. 1), and the exposure estiates derived below for A2104 apply as such to the other clusts.
We use the above model to distribute the cluster emission with radius. For the emission spectrum, we use the XSPEC model
mekal with metal abundance = 0.3 Solar. Considering the observedadial temperature decline in most relaxed clusters at such
large radii (e.g. Markevitch et al. 1996), we use a temperatte of 4 keV when forming the emission model at 75. Based on the
L-T relation explained above, we obtain mekal normalization of 4:4 10 “ (in XSPEC units), a 1.0{7.0 keV ux of 3:2 10 13
ergs ! cm 2 and count rate of 22 10 2 ¢ s ! in a single XIS FI unit.

To estimate the required exposure time, we performed simulions with XSPEC using the above emission model. In the
simulations we estimated the on-axis e ciency and energy response using the provided les aeFl_a0220061025.rmf and
ae 3Fl xisnom6.a02.20061025.arf. We normalised the provided blank sky spectm NEP _xisnomémm.det_ _rev.pi to match
the area of our extraction region (98 arcmirf) and included this component in the simulations. We subtraded this background
from the simulated data and tted the spectra using the input model, allowing the temperature and the normalization to vary
in the t. We used the uncertainties in the best- t parameter s as a measure of the statistical uncertainties. We then vagd the
background spectrum normalisation by 3 % to estimate the e ect of the background uncertainty.

Experimenting with a range of reasonable exposure times, wéund that we need 60ks of e ective Suzaku exposure time to
obtain the required level of 10% statistical precision (thebest tyields T=4.2 0.4 keV, see Fig 2.). Considering the vignetting
and the degradation of the e ciency, we must increase the exmsure time to 100ks per cluster to obtain the level of data quity
reported above. A single pointing used above results in 25%owerage of the cluster at distances 10{15 arcmin from the clster
center. In order to fully cover our clusters, we propose to diide the 100ks exposure time into 4 pointings, 25ks each, ashiewn
in Fig. 1.

We also found that varying the background normalization by 3% before subtracting it from the simulated data results in
a 5% systematic uncertainty in the best-t temperature. Thus the total precision of the measured temperature at f7g is
expected to be at a 10% level in our proposed clusters, as reiged.

A
A |
/
1 o3 E N ‘. ! ‘R
T f S PN closed A
e )
s 3“""””’wwo’f."w”r ‘w,w close i f‘ \4 M —
S L ‘i Somditni j ! =
a M g m f ! H = _
5 , X kit sip Sy |V WP £=
< Bt QAT ‘ 2
» —a + i B
2 'O7F i ity XIS NEP X . =
8 £ H P 4 K 5
k=3 foR TR b
EoL *' Pt oyl ””www '+ by " ‘ ‘f‘
Pty ettt T gy oy Hy 4t
P+ T P T iy Hmn« p« il WWM v r\q
XIS NTE oot -

1073 = F
1 10
Energy [keV]

Figure 2. Left panel: The North Ecliptic Pole (blue) and Night Earth (red) data per a single XIS FI unit (obtained from Suzaku web page).
For comparison, the data of XMM-Newton PN instrument (from N evalainen et al., 2005) are shown as black crosses. Right panel: The simulated
background-subtracted 60ks XIS0+2+3 spectrum of A2104 con tained within the 10{15 arcmin annulus centered on the clust er center. The line is the
best t to the simulated data.
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