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a INTRODUCTION N

Since z = 2, star formation has occurred in progressively less massive
galaxies [4] and active galactic nucle1 (AGN) have occurred around
progressively less massive black holes [3], contrary to expectations from
the hierarchical model of structure formation. The most successful models
for this anti-hierarchical evolution invoke additional energy input, most
likely feedback from AGN [7], but the total energy released by these
processes remains largely unknown.

A promising approach to measuring AGN feedback 1s co-adding the cosmic
microwave background (CMB) around a large number of sources to
measure the signal imprinted by the thermal Sunyaev-Zel’dovich (tSZ)
effect. Several recent studies have used this approach, making detections of
galaxies at low redshifts (z= 0.5) and AGN from z = 0-3 [5,8,9,14]. These
have motivated us to investigate the little-measured regime of relic AGN
feedback 1n quiescent elliptical galaxies at moderate redshifts (z = 0.5-1.5).

METHODS AND DATA

The tSZ effect describes the process by which C photons gain energy
when passing through 1onized gas [16]. The resulting CMB anisotropy has
a deficit of photons below 217.6 GHz and an excess of photons above. The
change in CMB temperature at 150 GHz (our frequency of interest; AT )
can be integrated around a source on the sky, and 1t becomes a volume

integral of the electron pressure which is equivalent to a thermal energy
(see Eq. 1).
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We made our tSZ measurements using data from the South Pole Telescope
SZ Survey (SPT-SZ; [15]), which has sensitivities of 17 and 41 uK arcmin
at 150 GHz and 220 GHz, respectively, and a = 1 arcmin beam that 1s well
matched to the expected sizes of the heated regions. We created our own
photometric catalog of galaxies using two surveys that overlap with the
SPT-SZ data, including optical and infrared data from the Blanco
Cosmology Survey (BCS; [6]) and infrared data from the VISTA

Hemisphere Survey (VHS; [11]). The total overlap between the 3 surveys
is = 43 deg”.

GALAXY SELECTION AND STACKING

We used g —z vs. z — K colors to cleanly separate > 1 Gyr old galaxies at
0.5 <z < 1.5 from stars and star-forming systems [1]. We used the routines
EAZY [2] and FAST [10] to obtain best-fit model parameters for our
galaxies. We made several cuts on these parameters to insure that we had
selected massive, old, and quiescent galaxies, and we removed any galaxies
that were likely to have contaminated tSZ measurements due to AGN, dust,
and other factors. We further split the resulting galaxies into two redshift
ranges, 0.5 <z <1.0 (“low-z”) and 1.0 <z < 1.5 (*high-z"). We end up
with 3394 galaxies at low-z and 924 galaxies at high-z. The parameters of
the final galaxy sample are shown in Table 2.

z (2) | (lang) (M) (Age) (Lks) (20 | (lang) s
Gpc? Mg Gyr |ergs ! Hz ! Gpc?
0.5—1.0[0.72 | 2.30 | 1.51 x 101 | 4.34 | 2.78 x10%° | 0.72 | 2.30
1.0—15]1.17| 3.02 | 1.78 x 1011 | 2.64 | 4.07 x10° | 1.19 | 3.03

Table 2: Mean and mass-averaged parameters for final galaxy selection.
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To make our stacked tSZ measurements, we optimally filtered the SPT-SZ
maps and then summed and averaged the total signal within 0.5, 1, 1.5, and
2 arcmin radius apertures around our galaxies. Images of our final stacks
are shown 1n Fig. 2. In order to understand the uncertainty in our
measurements, we also performed an 1dentical selection and stacking
procedure around a large number of random points in our field. The final
stacked signal measurements are given in Table 3.
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Fig. 2: Final stacked images. Left = 150 GHz, right = 220 GHz, top =
low-z, bottom = high-z, black circles = 1 arcmin radius.

2z Band | 0.5 arcmin 1 arcmin 1.5 arcmin 2 arcmin
GHz | pK arcmin? | uK arcmin? | pK arcmin? | pK arcmin?
0.56-1.01| 150 |-0.56 £ 0.25 | -1.6 £ 0.7 -2.5 1+ 1.3 -3.0 £+ 1.9
0.56-10| 220 | 081 =054 | 29+ 14 5.1 £ 2.3 5.9 £ 3.0
1.0-1.5| 150 | 0.37 &= 0.49 1.6 £ 1.3 26 £ 24 2.8 £ 3.5
1.0-1.5 | 220 2.6 £ 1.0 6.2 £ 2.7 7.6 £ 4.3 6.9 £ 54

Table 3: Final co-add values for different aperture radii.
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Fig. 3: Contaminant model confidence values for E,; ..., as a function
of S . after incorporating Planck high-frequency bands. Light gray =
lo range, dark gray = 2o range. Colors represent the minimum 2 for
cach model. Hatched region represents +/- 16 for a sitmple model of
gravitational heating.
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a CONTAMINATION MODELING N

As can be seen 1n Fig. 2 and Table 3, there 1s a negative low-z signal at 150
GHz, as expected from the tSZ effect. At high-z the 150 GHz signal 1s
roughly 0, but in both redshift ranges there 1s a very large positive signal at
220 GHz, indicating the presence of contaminating sources. In order to
constrain the impact these sources have on our tSZ measurements we built
a detailed model of contaminants based on an extrapolation of SPT source
counts [12], and also made use of the 2015 public data release from the
Planck mission [13], focusing on the 4 highest-frequency bands.

We obtained our final best-fit E,, . ., values, shown in Fig. 3, by
minimizing y> for the measured and model signals while varying the
minimum allowed contaminant flux (S, ), tSZ signal, fraction of our
galaxies that are contaminated, contaminating dust temperature, and
residual primary CMB anisotropy. The confidence of each model is then
weighted by the minimum y? for that model. The best-fit tSZ and E, ..,
values after averaging across all varied parameters while incorporating the
Planck data are shown as “With Planck™ in Table 4.

pK arcmin? | 107 Mpc? | 1090 ergs 1090 ergs
Data only 3394 [ 0.5—-10| —-1.6+07 | 1.2+05 | 4.0+18 4.0 +3.6
924 |1.0-15| 1.6+13 | -12+1.0| —-53+43 | —53+86
X2 (SPT only) | 3394 |05-1.0| —3.1711 2.3110 7.9133 7.9%7%
924 | 1.0—-1.5| —2.0133 2.012¢ 6.71%% 6.7+29:3
x? (With Planck) | 937 | 0.5—-1.0 | —2.8719 2.1797 7.1537 71508
240 | 1.0—15| —2.1%21 2.1127 7.072:9 7.07%293

Table 4: Final 1 arcmin radius aperture values for various modeling
choices. “Data only” represents our raw co-adds, “SPT only” represents
the best-fit values without incorporating Planck data, and “With Planck™
represents the same values after incorporating Planck data.

DISCUSSION

Around our selection of galaxies, we find a stacked tSZ detection in our
low-z subset (0.5 <z < 1.0) of > 20 significance. Our best-fit values after
modeling the observed dusty contamination while incorporating Planck
data improve to close to 3o significance at low-z and 1o at high-z (1.0 <z
< 1.5). These correspond to thermal energies of 7.173-, . x10% ergs at low-
z and 7.070_, ; x10% ergs at high-z. We see a similar or smaller tSZ signal
than most previous work on both AGN and galaxies [5,9,14], though not all
[8]. Based on a simple model of gravitational heating, our low-z
measurement hints at non-gravitational heating at the = 1 level.

Finally, tSZ simulations and observations can be combined to produce
weighted stacks that are adapted to be as sensitive as possible to the
differences between feedback models, which will be an important use for
the results presented here. We are only just beginning to map out the
history of AGN feedback through measurements of the thermal Sunyaev-
Zel’dovich effect.
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