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ABSTRACT
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The adiabatic evolution of the temperature of the cosmiaomiave background (CMB) is

a key prediction of standard

cosmology. We study deviatfoos the expected adiabatic

evolution of the CMB temperature of the fori(z) = To(1+2)1~% using measurements of
the spectrum of the Sunyaev Zel'dovich Effect with the SoRthe Telescope (SPT). We
present a method for using the ratio of the Sunyaev Zel'dogignal measured at 95 and
150 GHz in the SPT data to constrain the temperature of the GMBdemonstrate that this

approach provides unbiased

results using mock obsergatibolusters from a new set of

hydrodynamical simulations. We apply this method to a semmpll58 SPT-selected clusters,
spanning the redshift ranged® < z < 1.35, and measure = 0.017" 5333 consistent with the

standard model prediction aof =

o =0.011+0.016, an improve

0. In combination with other published results, we constrai
ment of 20% over published constraints. This measurement

also provides a strong constraint on the effective equatictate in models of decaying dark

0.016

energywes = —0.987%5 015

1 INTRODUCTION

The existence of the cosmic microwave background is a fuedam
tal prediction of the Hot Big Bang Theory. The intensity e

of the CMB radiation locally has been measured by the COBE FI-
RAS instrument and found to have a nearly exact blackbodg-spe
trum with a temperature d = 2.72548+0.00057 K (Fixsen et al.
2009).

A second fundamental prediction of the hot Big Bang the-
ory is that the CMB temperature must evolve over cosmic time.
Specifically, it is expected to evolve 85z) = To(1+ z), under
the assumption that the CMB photon fluid reacts adiabayicall
the expansion of the Universe as described by general welati
ity and electromagnetism. Deviations from the adiabatawion
of T(z) would imply either a violation of the hypothesis of lo-
cal position invariance, and therefore of the equivalendecp
ple, or that the number of photons is not conserved. In the for
mer case, this could be associated with variations of dimnans
less coupling constants like the fine-structure constae,(s.g.,
Martins|2002| Murphy et al. 2003, Srianand €t al. 2004). Tte |
ter case is a consequence of many physical processes predict
by non-standard cosmological models, such as decayinguracu
energy density models, coupling between photons and axion-
like particles, and modified gravity scenarios. (e.q.. Nggk
1995%;/ Overduin & Cooperstock 1998; Lima etlal. 2000;/Puy 2004
Jaeckel & Ringwald 2010; Jetzer & Tortara 2011). In all ofshe
models, energy has to be slowly injected or removed from i8C
without distorting the Planck Spectrum sufficiently to witd con-
straints from FIRAS|(Avgoustidis etal. 2012).

Observational tests of non-standard temperature evalutio
typically are parametrized by very simple models for theialev
tion. In particular, we consider here the scaling law pregoby
Lima et al. (2000)T (2) = To(1+2)1~9, with a being a free con-
stant parameﬂar This is the phenomenological parametrization
that has been most widely studied by previous authors; tieng
of a from zero would result as a consequence of one of the scenar-
ios described above, such as the non-conservation of pmotor
ber.

To date, two different observables have been used to determi
T(2). At intermediate redshiftsz(< 1.5), T(z) can be determined
from measurements of the spectrum of the Sunyaev-Zel'tiovic
effect (SZE) ((Sunyaev & Zel'dovich 1972), a technique finsgs
gested by Fabbri et al. (1978); Rephagli (1980). The firenant

1 In previous literature this parameter has been referredttothe Greek
letter a or . To avoid confusion with the variab|@ = v/c defined in Eq.
@, we usex.

to measureT (z) using the spectrum of the SZE was reported in
Battistelli et al. [(2002) using multi-frequency obsergag of the
clusters A2163 and Coma. Luzzi et al. (2009) reported re$td
the analysis of a sample of 13 clusters witl2®< z < 0.546.
Adopting a flat prior on € [0, 1], they provided constraints =
0.024"3.5%8 consistent with standard adiabatic evolution.

At high redshift ¢ > 1), the CMB temperature can be de-
termined from quasar absorption line spectra which showmiato
or molecular fine structure levels excited by the photo-gtism
of the CMB radiation. If the system is in thermal equilibrium
with the CMB, then the excitation temperature of the energy
states gives the temperature of the black-body radiation.,(e
Srianand et al. 2000; Molaro etlal. 2002; Srianand et al. p0R®
example] Noterdaeme et al. (2011) have reported on a sarfiple o
five carbon monoxide absorption systems upte 3 where the
CMB temperature has been measured. They used their sample, i
combination with low redshift SZE measurements to place con
straints on the phenomenological parameter —0.007+ 0.027.
This also allowed them to put strong constraints on the téfec
equation of state of decaying dark energy models = —0.996+
0.025. Recently, Avgoustidis etlal. (2012) extended thisymigby
including constraints inferred from differences betwdwnangular
diameter and luminosity distances (the so-called distaluedity
relation), which is also affected in models in which photaas
be created or destroyed. They also showed that by releasing t
positive prior assumption oa the same cluster sample studied in
Luzzi et al. (2009) constraing = 0.065+ 0.080.

More recently/ Muller et al.| (2013) fit molecular absorption
lines towards quasars to measure the CMB temperature with an
accuracy of a few percent at= 0.89. Combining their data with
the data presented in_Noterdaeme étlal. (2011) they weret@ble
further constrairo = 0.009+0.019.

Constraints on the CMB redshift evolution can be signifiyant
improved by including measurements of the SZE spectrum from
experiments, such as the South Pole Telescope (SPT) anckPlan
with much larger cluster samples. For instance, de Martirad e
(2012) forecast the constraining power of Planck (furthecussed
in[B) to measurex. Using only clusters at < 0.3, they predicted
that Planck could measurewith an accuracyy = 0.011.

In this work, we present constraints on the temperature evo-
lution of the CMB using SZE spectral measurements at the 95
and 150 GHz bands from the South Pole Telescope. The SPT
is a 10m millimetre-wave telescope operating at the Soulk Po
(Carlstrom et gll_2011) that has recently completed a 25@8 de
multi-frequency survey of the southern extragalactic slgre we
focus on the SZE selected cluster sample that lies withirDalegf
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subregion where optical follow-up and redshift measuramanre
completel(Song et &l. 2012; Reichardt et al. 2013).

2 METHOD

Inverse Compton scattering of the CMB photons by the hogintr
cluster medium induces secondary CMB temperature anjsieso
in the direction of clusters of galaxies. Neglecting refiatic cor-
rections, the thermal (tSZE) and kinematic (kSZE) contithuto
the temperature anisotropy in the directioof™a cluster at a fre-
guencyv can be approximated by (de Martino et al. 2012):

AT(A,v) ~ To(A)[G(V)yc(R) — TB]. @)

HereTp () is the current CMB temperature at the directigri8is

the line of sight velocity of the cluster in the CMB frame initsn

of the speed of light andT is the optical depth. The Comptoniza-
tion parametey. is related to the integrated pressure along the line
of sightyc = (chrT/mecz)f neTedl (wherene and Te are respec-
tively the electron density and temperature). In the ndatikéstic
regime and for adiabatic expansid@(x) = xcoth(x/2) — 4, where
the reduced frequencyis given byx = hv(z)/ksT(z) = hvg(1+
2)/lksTo(1+ 2)] = %o and is independent of redshift(z) is the
frequency of a CMB photon scattered by the intra-clusteriomed
andT (2) is the black body temperature of the CMB at the cluster
location.

If T(z2) = To(1+ 219, then the reduced frequency varies
asx(z,a) = xp(1+2)% and the spectral frequency dependence of
G(v), the tSZE, now also depends anG(x) = G(vp, d,2z). From
Eq.[d, neglecting the kKSZE contribution, it follows that reedng
the ratio of temperature decrements at two different fraqgiesv,
andv, provides:

— AT(ﬁ7 Vl,Z) ~ G(V1727G)
B AT(ﬁv V27Z) B G(V27Z7G)

This ratio is redshift independent for= 0, but not in the case of

a # 0. This method has the advantage that, by taking ratios, the
dependence on the Comptonization paramgtéand therefore on
the cluster properties) is removed and the need to accoumtddel
uncertainties on the gas density and temperature profileisled
(Battistelli et al 2002, Luzzi et al 2009). Note that in thjgpaoach

the distribution of temperature ratios is, in general, @aissian
(Luzzi et al. 2009) and needs to be properly modelled.

R(v1,v2,Z, Q)

@)

One important source of noise in these measurements is the

primary anisotropy of the CMB. To precisely meas&€ (A, v)

for a single cluster, we would have to remove the primary CMB
anisotropies in the direction. In principle, this could be done by
subtracting the CMB temperature measured near the SZErsull f
qguency, which, in the case of = 0 and non-relativistic ICM, is
given by a map obtained at 217 GHz (de Martino €t al. 2012). Al-
ternatively, because the primary CMB fluctuations are ramdo

is possible reduce this source of noise by averaging overge la
sample of clusters.

In|Reichardt et all (2013), the SPT cluster sample was sslect
using a matched multi-frequency spatial filter (Melin €12006),
designed to optimally measure the cluster signal given know
edge of the cluster profile and the noise in the maps. The clus-
ter gas profiles are assumed to be well fit by a spheficaiodel
(Cavaliere & Fusco-Femiano 1976), with= 1 and twelve possi-
ble core radii g, linearly spaced from 0.25 to 3 arcmin. The noise
contributions include astrophysical (e.g., the CMB, paiotirces)
and instrumental (e.g., atmospheric, detector) conidhet For

each cluster, the maximum signal to noise in the spatialigrétl
maps was denoted §s

In this work, we measure the ratio of the CMB temperature
decrements in the SPT data at 95 and 150 GHz. We extract the
cluster signal from the single-frequency spatially filtbreaps at
95 and 150 GHz, using the SPT position and core radius favayred
the multi-frequency analysis in Reichardt et al. (2013)cdmpare
the decrement at each frequency, we need to account for gilkesm
beam at 150 GHz. We do this by convolving the 150 GHz data to
the same beam size as the 95 GHz data, and then using the 95 GHz
filter to extract the signal from the resultant 150 GHz mape as-
sociated uncertainty in the CMB temperature decrementavbel
equal to the R.M.S. of the single-frequency spatially féttmaps.

Finally, we use the derived values of temperature in the two
bands and the associated cluster redshift to constréiiom Eq.[2
through a maximum likelihood analysis (Luzzi et al. 2009)enh
the likelihood is defined as :

} )

Neius { B (T;;)OR(Z“), a) _ T9(I5) )2-
2/(TgRZD, @)+ (BTg 2]
andR(z,a) = R(95 GHz 150 GHzz a) according to Ed.12 is cal-
culated by integrating:

Z(a)O Il exp

_ JG(v,z,a)Fgs(v)dv
"~ [G(v,z a)Fise(v)dv’

whereFgs andF;5g are the measured filter response of the SPT 95
and 150 GHz bands, normalized such that the integral ovdr eac
of the bands is one. We have assumed the non-relatitivigpies-
sion forG(v, z a), however, we find relativistic corrections have a
negligible effect on our result. For the range of electrangera-
tures expected in our cluster sample, including relatiwisbrrec-
tions from_Itoh et al.|(1998) changes our final constraint&xdoy
less than 1 per cent.

R(z,a)

4)

3 VERIFICATION OF METHOD WITH SIMULATIONS

We test the method described above using simulations. Todo s
we make mock SPT observations of clusters that are formed in a
large volume, high resolution cosmological hydrodynainsoau-
lation (Dolag et al., in preparation). The simulation hasrbearried

out with P-GADGET3, a modification of P-GADGET-2 (Springel
2005). The code uses an entropy-conserving formulationRtd S
(Springel & Hernquist 2002) and includes treatment of rexba
cooling, heating by a UV background, star formation and lieeé
processes from supernovae explosions and active galaatiein
(Springel & Hernquist 2003; Fabjan et lal. 2010). Cosmolalgia-
rameters are chosen to match WMAP7 (Komatsu let al.|2011). The
simulation box is 1244 Mpc per side and contains £5@4rk mat-

ter particles and as many gas particles, from which five sitedl
SZE light-cones, each of size 12 13° (i.e., the total solid angle

is 845 degd) have been extracted up o~ 2. From each of these
simulated SZE maps, we then construct simulated SPT mayis at 9
and 150 GHz.

The details of the construction of the simulated SZE light-
cones will be presented in a forthcoming paper (Liu et al., in
preparation), we highlight here the basic properties. és¢hmock
observations, we include contributions from: (1) primarMg
anisotropies, (2) convolution with the SPT 150 GHz and 95 GHz
beams, (3) instrumental noise consistent with the obseB8rRd
map depths of 18 and 44K-arcmin for the 150 GHz and 95 GHz
bands, respectively, and (4) associated filter transfestifoins for
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the two simulated bands. Finally, from these mock maps we-ide
tify clusters with the same approach adopted for real SP3tets
(e.g.,. Staniszewski etial. 2009; Reichardt et al. 2013ginbtg a
sample of 212 clusters above signal to ndjse 4.5.

We then measure the ratio of the temperatures in the two
bands, using the approach described in Section 2. We firgbben
the 150 GHz maps to match the larger beam of the 95 GHz band.
We then individually filter the 95 GHz and the 150 GHz maps with
the 95 GHz filter and measure the signal at the position &nd
scale that maximize the signal to noise in the multifreqyenal-
ysis. We then maximize the likelihood to determiméEq.[3). We
recovera = 0.0019+ 0.022, in agreement with the input value of
a=0.

4 SPT RESULTS

We measure the temperature decrement ratios at the pasiticime
SPT-selected cluster sample from (Reichardt &t al.| 20 18iwin-
cluded data from 720 of the 2500 de§PT-SZ survey. The SPT-SZ
data used here has typical noise levels ofi4arcmin and 18.K-
arcmin in CMB temperature units at 95 GHz and 150 GHz, respec-
tively. The exceptions are the two fields centered 46273, —55°

and 8'30™, —55¢ from|Reichardt et al[ (2013), which have a depth
of 13 uK-arcmin in the 150 GHz data used in this work. Since
the publication of Reichardt etlal. (2013), these fields heshlre-
observed in the SPT-SZ survey, with the new observationggsro

ing new 95 GHz measurements and deeper 150 GHz data. The fi-

nal cluster sample used here consists of 158 clusters with &0

& > 4.5 from|Reichardt et al. (2013), and either a spectroscopic
or photometric redshift reported In_Song et al. (2012). Werre
the reader to_Staniszewski et al. (2009), Vanderlinde!daf0),
Schaffer et al. [(2011), Williamson etlal. (2011), Reichatcl.
(2013) for a detailed description of the survey strategy datdset
characteristics .

We apply the same technique described in Sefion 2 and testecé

in Sectior 8 to measure the evolution of the CMB temperattitle w
SPT clusters.

Using SPT data alone, we constrain the temperature evolutio
of the CMB to be

©)

which is consistent with the adiabatic expectationoof= 0. We
estimate the instrumental uncertainties associated Witbeams,
calibration, and filter responses, and find them all to haveghin
gible result on this constraint. Moreover, the statistigadertainty
is ~ 30% larger than the limit on possible observational biases i
plied by the results of Sectidn 3, implying that our analysithod
is shown to be unbiased at or below the level of the statistica
certainty.

We further combine our results with previously publishethda
(Fig[). In particular we include measurements from clusstzl-
lected by Luzzi et al. (2009) and fine structure absorptioa §itud-
ies collected by Noterdaeme et al. (2011) and Muller et @182
We thus obtain a tighter constraint on théz) = To(1+ z)(1~%)
law:

a —0017:9%%

o =0.011+0.016 (6)

a ~ 20% improvement in measurement uncertainty in compari-
son to the previously reported = 0.009+ 0.019 (Muller et al.
2013). We also note that previous results based on SZE measur
ments|(Luzzi et al. 2009) have a negligible impact in thisstraint.

14 - + Absorption line Measurements 7
Muller et al. (2013)
+ SZE Measurements '
Luzzi et al. (2009) ']
+ This work

2L — R |

- =0 ]
1.6 gPT SZE constraints
a = 0.12

No14F ]
hc
r2f ]
Ol
10—

0.8F

0.01 0.10 z 1.00

Figure 1. Top panel:Measurements of the temperature of the CMB as a
unction of redshift. Red points correspond to SZE measargstoward
alaxy clusters (see Luzzi et al. 2009 and references tHyeggieen points
are absorption lines studies (see Muller et al 2013 andeedes therein).
Black points are the SPT SZE cluster constraints. For izat#in purposes
SPT clusters results have been stacked in 12 equally peputadshift bins.
The blue continuous line corresponds to the relafién) = To x (1+2z) and
solid and dashed purple lines are the evolution correspgrtdithe best fit
and +10 models.Bottom panel:Deviation of the measured temperature
of the CMB as a function of redshift with respect to the adiabavolu-
tion. Cyan points represent the measured temperature @kt in three
stacked redshift bins for a simulation with input valme= 0.12 (cyan solid
line).

The measurement presented here is consistent with the adi-
abatic evolution of the CMB radiation temperatuie £ 0) ex-
pected from the standard hot Big-Bang model. Consideritey-al
native cosmological models, Jetzer et lal. (2011) demdestihat
measuringT (z) at different redshifts allows one to constrain the
effective equation of state of decaying dark energy=(Wesp).
Following|Noterdaeme et al. (2011), by fitting the combined-c
straints onT (z) with the temperature-redshift relation (Eg. 22 in
Jetzer et all 2011), takin@m = 0.255+ 0.016 (Reichardt et al.
2013) and fixing the adiabatic indgxto the canonical value (4/3),
we getwesr = —0.987729%6 in comparison wittwes = —0.996+
0.025 obtained by Noterdaeme et al. (2011).
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4.1 Selection bias diction of a = 0. Our measurement gives competitive constraints
and significantly extends the redshift range with respegréwi-
ously published results based on galaxy clusters (e.gzileial.
2009; Avgoustidis et al. 2012; de Martino etlal. 2012; Mu#eal.
2013). Combining our measurements with published data we ob
taina =0.011+0.016, a 20% improvement with respect to current
published constraints.

Such tight limits on deviations from the adiabatic evolatio
of the CMB also put interesting constraints on the effectigea-
tion of state of decaying dark energy modelg¢. Indeed, from
SPT clusters alone we are able to measuie= —0.988"0 923, in
good agreement with previous constraints based on quaserpab
tion lines (Noterdaeme etlal. 2011).

Coincident with the submission of this analysis, Hurierlet a
of adiabatic evolution and constrain We obtain unbiased mea- (2013) released results of a.similar analysis carried ouL8so
surements for the underlying input valae— —0.111+0922 and galaxy clusters observed with Planck. The cluster sampy th

0,014 i TT-0018 ~ adopted also included the SPT sample that we analyse here, al
a = 0.110" 575, thus demonstrating that the selection is not driv- though it did not contribute significantly to their main riéssuThey

A number of possible selection biases could affect our nreasu
ments. In particular, cluster candidates were identifiethgus
multi-band matched-filter approach_(Melin etlal. 2006) vehtre
temperature evolution of the Universe is assumed to be afiliab
This could therefore bias our selection towards clusteas biest
mimic this behavior. To show that this is not the case, we ttoos
SPT mock lightcones similar to the ones presented in Skatt 3 b
assuming different values of. We then performed the same anal-
ysis described in Sedit] 3 and show that we are able to recoser t
input value. Specifically we test simulations with inputues of

a offset by more than & from the adiabatic valueg = —0.12
and o = 0.12. We then select clusters with the above described
matched-filter multi-frequency cluster finder under theuagstion

ing our constraints (bottom panel of Fig. 1). . were able to constraior = 0.009+ 0.017 by stacking the Planck
Another potential source of bias in our measurement @3 catalog of SZE detected clustefs (Planck Collaborgtiorapod

the fact that the temperature fluctuations of the CMB at te@do  gjfferent redshift bins, with only one cluster in each ofitHegh-

tion of the SPT clusters should not average to zero. In fat,td est redshift bing = 0.8 andz = 1. Because the SPT data are on

the adopted cluster selection, negative temperature dtiohs are  4yerage a factor of 3 deeper than Planck, and the SPT bear is

more likely than positive ones (Vanderlinde etal. 2010). &386- times smaller, the SPT dataset provides stronger conttraima

mate this effect to be negligible using the simulations dbed in per cluster basis and is particularly well suited for stadié the

Sect[B. We also note that this effect should be less signtfiaa high redshift tail of the cluster distribution.

larger SPT signal to nois& (Benson et al. 2013). If we restrict our Future analyses will be able to draw upon larger cluster sam-

analysis to the clusters with> 8, which reduces the cluster sample ples (e.g., the full 2500 square degree SPT-SZ survey andpthe
by a factor of~6 to the 24 highest signal-to-noise clusters, we con- coming SPTpol and SPT-3G surveys) and quasar surveys (e.g.,
straina = 0.023 35, This is consistent with our main resultwith  Spss |11y, By expanding the data volume at high redshifteseh

only a modest 30% increase in the uncertaintyinThis demon- surveys will enable precision tests of the temperature utioo!

strates that the constraints depend most significantly@highest  4f the CMB across cosmic time. Moreover, because clustets an

signal to noise clusters, which will be less biased by the GhBh quasars suffer from different systematics, the compangitpro-

the SPT-selection. Similarly, we estimate the bias assstiaith vide an important cross-check on systematics. These suwilly

lensed dusty sources to be unimportant for our analysis; phie improve constraints on non-standard cosmological models.
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