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   Type Ia supernovae are stellar explosions that are used to 
measure cosmological distances. These “standard candles” led 
to the fundamental discovery that we live in an accelerating 
Universe. Type Ia supernovae are thought to come from 
unstable white dwarfs that have accreted too much mass from 
a binary companion. Unfortunately, there are still many 
unanswered questions regarding the nature of  the companion 
star and the mechanism for the explosion. In order to 
improve our understanding, we used Rutgers' share of  the 
11m Southern African Large Telescope (SALT) to obtain 
optical spectroscopy of  a number of  type Ia supernovae. We 
developed and improved a pipeline to reduce and calibrate the 
spectroscopic data. Our analysis focused on connecting early-
time and late-time spectroscopic data with previous 
observations and testing models of  the supernova explosion.  
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  Type Ia supernovae (SNe Ia) are excellent tools to measure 
distances. In 1998, they were used to discover the accelerating 
expansion of  the Universe (awarded the 2011 Nobel Prize in 
Physics). SNe Ia are caused by the thermonuclear explosion of  
a carbon-oxygen white dwarf  (WD) star that has accreted too 
much mass from a binary companion (whose nature is still 
uncertain). Moreover, we don’t know how the initial explosion 
occurs after the accretion. We aim to test a SN Ia model that 
predicts an asymmetric explosion.3 Specifically, we used SALT 
and the Robert Stobie Spectrograph (RSS) to obtain optical 
spectra of  SN 2013aa and compare it to the model predictions. 
SN 2013aa was a relatively nearby supernova (“only” 55 million 
light years away!), allowing us to obtain a high-quality spectrum 
long after (~5 months) it originally peaked.  

               The Pipeline                              Analysis and Results               Conclusion and Future Work  

1)  Combining, normalizing, and applying the flat fields  
2)  Extracting the desired spectra 
3)  Wavelength calibration  
4)  Flux calibration    
5)  Combining the calibrated images  
 

    The pipeline is now able to condense the hours of  user-intensive labor 
into a matter of  minutes. We are currently working on further developing 
the pipeline to get rid of  the user input altogether, while still giving the 
user multiple options to fit their needs. On top of  automating the 
pipeline, we are improving the overall quality of  the output spectra. Since 
SALT is a ground-based telescope, the CCD images it produces are 
affected by emission and absorption features from Earth’s atmosphere. 
These need to be dealt with properly so that they aren’t mistaken for real 
features from the source, especially in faint, noisy spectra.  

    First developed by Viraj Pandya, the pipeline was created in order to 
minimize the time users spend turning SALT charged-coupled device 
(CCD) images into viable one-dimensional spectra. The process uses 
IRAF, the Image Reduction and Analysis Facility software (http://
iraf.noao.edu). The main steps include:!
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CCD Image from the telescope+spectrograph Calibrated Spectrum (SN 2013aa) 

SN!2013aa!

     Our SN 2013aa results fit well with the rest of  the blueshifted, 
low velocity gradient supernovae. They support the asymmetric 
explosion model in which SNe Ia have an off-center ignition and 
the observed velocity gradients and line-shifts are due to the angle 
of  the observer relative to the explosion, as shown below.3 

Figure adapted from Maeda et al. (2010, Nature, 466, 82) 

Asymmetric explosion model of  Maeda et al.  
(2010, Nature, 466, 82) 

   Early-time spectra are taken around the peak of  a supernova’s luminosity. 
This occurs about three weeks after the explosion. The early-time spectra 
represent the outer ejecta of  a SN Ia. Late-time spectra are taken months 
after the luminosity peaked and this gives us more insight into the inner 
ejecta of  the explosion. This is because by this point the ejecta density has 
dispersed enough to allow us to see “deeper” into it. 
   We calculated the early-time velocity gradient of  SN 2013aa by measuring 
its Si II (6355 Å) absorption feature 4 days before it peaked and then again 
24 days after it peaked.4 After correcting for the supernova host galaxy 
redshift (z = 0.004; http://ned.ipac.caltech.edu), we measure the line 
velocities and derive a velocity gradient d(vSi)/dt = 24.2 ± 4.9 km/s/day. 

!!
                                                                                                                                                                                                                   
4Terry Bohlsen’s early-time spectra - http://users.northnet.com.au/~bohlsen/Nova/sn_2013aa.htm 
!

                                                                                                                                                                                                                                                                                             
3 Maeda et. al. (2010), “An asymmetric explosion as the origin of  spectral evolution 
diversity in type Ia supernovae,” Nature, 466, 82!

   We calculated the late-time 
emission line velocity shift of  
SN 2013aa by measuring its 
[Fe II] (7155 Å and 4701 Å) 
emission features 141 days 
after it peaked. We derived 
vneb = �2180 ± 440 km/s. 
   We plot our SN 2013aa 
point (blue) against the other 
SNe Ia found in the Maeda et 
al. (2010) sample, and find 
that SN 2013aa is consistent 
with the model prediction for 
a low velocity gradient SN.  

    We plan on continuing to 
add more points to the plot 
to test the model. Next up 
on our list is the nearby SN 
2012fr, for which we plan 
to acquire late-time data in 
the next few weeks. 
   Along with improving the 
pipeline, we are also looking 
to create a database for all 
our supernova observations 
to facilitate future analyses. 

Spiral Galaxy NGC 5643 

from http://mcdonaldobservatory.org/news/gallery/image.php?id=70 ! http://www.damianpeach.com/deepsky/ngc5643sne_2013_03_05dp.jpg!
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SALT + RSS spectrum
+141 days after peak

we also did this for SN 2013aa, with 
REU student Yssavo Camacho (Lehigh)

data match Maeda et al. (2010) trends
from asymmetric explosion model



Redshifts of SPT Dusty Source Lenses 
Isolated elliptical galaxy  ML(BCG)~3.8x1013 M! 

Dust #1 
alpha:   3.7 
S[2.0 mm]:  9.17 mJy 
S[1.5 mm]:  35.38 mJy 

Dust #2 
alpha:   4.6 
S[2.0 mm]:  5.03 mJy  
S[1.5 mm]:  26.73 mJy dust 

alpha:   4.1 
S/N[1.5mm]:  6.15  
S[1.5 mm]: 17.28 mJy 

ML(BCG)~2.6x1013 M! 
 

Dust #4 
alpha:   2.8 
S[2.0 mm]:  5.91 mJy  
S[1.5 mm]:  16.27 mJy 

Dust #10 
alpha:   2.3 
S[2.0 mm]:  1.11 mJy  
S[1.5 mm]:  1.59 mJy 

Dust #6 
alpha:   2.3 
S[2.0 mm]:  5.51  
S[1.5 mm]:  12.61 mJy 

ML(BCG)~1.2x1014 M! 

ML(BCG)~3.2x1013 M! 
ML(X-ray)<3x1013 M! 

Figure S.3: Images of the full set of 23 sources for which we have ALMA 870 µm 3 mm, or
SABOCA 350 µm imaging, deep NIR imaging, and a redshift for the background galaxy (including
ambiguous redshifts). Except for SPT 0512-59, ALMA 870 µm emission is represented with 5 red
contours, spaced linearly from five times the image noise to 90% of the peak signal to noise,
specified in the upper right of each panel. For SPT 0512-59, which lacks ALMA 870 µm data, we
show the ALMA 3 mm continuum contours. For SPT 2332-53, which lacks ALMA 870 µm data,
we show the APEX/SABOCA 350 µm continuum contours. The redshift of the background source
(zS) is specified in red. Greyscale images are near-infrared exposures from the Hubble Space
Telescope (co-added F160W and F110W filters), the Very Large Telescope (Ks), the Southern
Astrophysical Research Telescope (Ks), or the Spitzer Space Telescope (3.6 µm) and trace the
starlight from the foreground lensing galaxy. The images are shown with logarithmic stretch.
When known, the redshift of the foreground galaxy (zL) is specified in black. In nearly every
case, there is a coincidence of the millimetre/submillimetre emission, determined by the redshift
search data to arise at high redshift, with a lower redshift galaxy, a galaxy group, or a cluster. This
is precisely the expectation for gravitationally lensed galaxies. Three cluster lenses are apparent,
SPT 0550-53, SPT 0551-50, and SPT 2332-53, with two other systems lensed by compact groups
(SPT 0113-46, SPT 2103-60).

2011-3-RU-015 & 2012-2-RU-005 
 Jack Hughes 
 Felipe Menanteau 
 Ryan Blackman 
 Amruta Deshpande 

Plausible lensing candidates were 
identified for 1/3 out of 23 SPT 
distant dusty sources from ~50 
deg2.  All sources S1.5mm > 10 mJy 
show lensing candidates. Measure 
lens redshifts with RSS. 



Redshifts of SPT Dusty Source Lenses 
Isolated elliptical galaxy  ML(BCG)~3.8x1013 M! 

Dust #1 
alpha:   3.7 
S[2.0 mm]:  9.17 mJy 
S[1.5 mm]:  35.38 mJy 

Dust #2 
alpha:   4.6 
S[2.0 mm]:  5.03 mJy  
S[1.5 mm]:  26.73 mJy dust 

alpha:   4.1 
S/N[1.5mm]:  6.15  
S[1.5 mm]: 17.28 mJy 

ML(BCG)~2.6x1013 M! 
 

Dust #4 
alpha:   2.8 
S[2.0 mm]:  5.91 mJy  
S[1.5 mm]:  16.27 mJy 

Dust #10 
alpha:   2.3 
S[2.0 mm]:  1.11 mJy  
S[1.5 mm]:  1.59 mJy 

Dust #6 
alpha:   2.3 
S[2.0 mm]:  5.51  
S[1.5 mm]:  12.61 mJy 

ML(BCG)~1.2x1014 M! 

ML(BCG)~3.2x1013 M! 
ML(X-ray)<3x1013 M! 

Figure S.3: Images of the full set of 23 sources for which we have ALMA 870 µm 3 mm, or
SABOCA 350 µm imaging, deep NIR imaging, and a redshift for the background galaxy (including
ambiguous redshifts). Except for SPT 0512-59, ALMA 870 µm emission is represented with 5 red
contours, spaced linearly from five times the image noise to 90% of the peak signal to noise,
specified in the upper right of each panel. For SPT 0512-59, which lacks ALMA 870 µm data, we
show the ALMA 3 mm continuum contours. For SPT 2332-53, which lacks ALMA 870 µm data,
we show the APEX/SABOCA 350 µm continuum contours. The redshift of the background source
(zS) is specified in red. Greyscale images are near-infrared exposures from the Hubble Space
Telescope (co-added F160W and F110W filters), the Very Large Telescope (Ks), the Southern
Astrophysical Research Telescope (Ks), or the Spitzer Space Telescope (3.6 µm) and trace the
starlight from the foreground lensing galaxy. The images are shown with logarithmic stretch.
When known, the redshift of the foreground galaxy (zL) is specified in black. In nearly every
case, there is a coincidence of the millimetre/submillimetre emission, determined by the redshift
search data to arise at high redshift, with a lower redshift galaxy, a galaxy group, or a cluster. This
is precisely the expectation for gravitationally lensed galaxies. Three cluster lenses are apparent,
SPT 0550-53, SPT 0551-50, and SPT 2332-53, with two other systems lensed by compact groups
(SPT 0113-46, SPT 2103-60).

2011-3-RU-015 & 2012-2-RU-005 
 Jack Hughes 
 Felipe Menanteau 
 Ryan Blackman 
 Amruta Deshpande 

Plausible lensing candidates were 
identified for 1/3 out of 23 SPT 
distant dusty sources from ~50 
deg2.  All sources S1.5mm > 10 mJy 
show lensing candidates. Measure 
lens redshifts with RSS. 

L34 LIMA ET AL. Vol. 717

Figure 3. Flux scale S∗ in the Schechter function for various surveys at different
wavelengths (symbols). The three curves show the expected scaling for submm
galaxy SEDs at zs = 3.0 for different values of spectral index β and temperature
T. The curves are normalized at the value of S∗ for λ = 850 µm.
(A color version of this figure is available in the online journal.)

These results imply that magnifications of 10–30 are neces-
sary to explain the boost in dn/dS at Sobs ∼ 10–40 mJy, if it is
due to lensing of an intrinsic Schechter distribution. Note that
due to the finite size of submm galaxies, their magnifications
must have a cutoff, which has been estimated to be in the range
µ ∼ 10–40 (Perrotta et al. 2002) for galaxy lenses, and is prob-
ably a factor of 2 or so larger for more massive lenses. Indeed,
galaxies have been measured with estimated magnifications of
at least ∼ 45 (Kneib et al. 2004).

In Figure 5, we show d2P/d ln Mdzl as a function of
halo mass for different values of µmin and zl . This indicates

Figure 5. Integrand d2P (> µ)/d ln Mdzl as a function of halo mass M for
different values of µ and zl . We have arbitrarily normalized these curves for
better visualization. Note that the peak lensing contribution for source galaxies
at zs = 3 comes from lens halos at zl ∼ 0.5. This does not include baryonic
effects, which boost the contribution from M ! 1013 h−1 M$ halos.
(A color version of this figure is available in the online journal.)

that halo masses above 1013h−1 M$ contribute significantly
to magnifications of 10–30, with most of the contribution
coming from ∼1014 h−1 M$. Note that this does not include
baryonic effects, which boost the contribution from lower mass
(!1013 h−1 M$) halos as discussed in Section 2.

We have assumed that all source galaxies are at a fixed redshift
zs , whereas in reality they have a redshift distribution which
needs to be incorporated in the computation. The curves at
different source redshifts shown in Figure 1 provide approximate
limits for what we can expect from a redshift distribution
of source galaxies. Our results imply that the bulk of the

Figure 4. Probability P (µmin|Sobs) of the minimum magnification µmin, given an observed flux density Sobs (left panel), and the corresponding average magnification
〈µ〉 (right panel). We assume a Schechter function describing galaxies at zs = 3.0 which, after lensing, predicts counts consistent with those of SPT dusty submm
galaxies at λ = 1.4 mm (see Figure 2).
(A color version of this figure is available in the online journal.)



2011-3-RU-015 & 2012-2-RU-005 
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Plausible lensing candidates were 
identified for 1/3 out of 23 SPT 
distant dusty sources from ~50 
deg2.  All sources S1.5mm > 10 mJy 
show lensing candidates. Measure 
lens redshifts with RSS. 

Redshifts of SPT Dusty Source Lenses 
Isolated elliptical galaxy  ML(BCG)~3.8x1013 M! 

Dust #1 
alpha:   3.7 
S[2.0 mm]:  9.17 mJy 
S[1.5 mm]:  35.38 mJy 

Dust #2 
alpha:   4.6 
S[2.0 mm]:  5.03 mJy  
S[1.5 mm]:  26.73 mJy dust 

alpha:   4.1 
S/N[1.5mm]:  6.15  
S[1.5 mm]: 17.28 mJy 

ML(BCG)~2.6x1013 M! 
 

Dust #4 
alpha:   2.8 
S[2.0 mm]:  5.91 mJy  
S[1.5 mm]:  16.27 mJy 

Dust #10 
alpha:   2.3 
S[2.0 mm]:  1.11 mJy  
S[1.5 mm]:  1.59 mJy 

Dust #6 
alpha:   2.3 
S[2.0 mm]:  5.51  
S[1.5 mm]:  12.61 mJy 

ML(BCG)~1.2x1014 M! 

ML(BCG)~3.2x1013 M! 
ML(X-ray)<3x1013 M! 

Figure S.3: Images of the full set of 23 sources for which we have ALMA 870 µm 3 mm, or
SABOCA 350 µm imaging, deep NIR imaging, and a redshift for the background galaxy (including
ambiguous redshifts). Except for SPT 0512-59, ALMA 870 µm emission is represented with 5 red
contours, spaced linearly from five times the image noise to 90% of the peak signal to noise,
specified in the upper right of each panel. For SPT 0512-59, which lacks ALMA 870 µm data, we
show the ALMA 3 mm continuum contours. For SPT 2332-53, which lacks ALMA 870 µm data,
we show the APEX/SABOCA 350 µm continuum contours. The redshift of the background source
(zS) is specified in red. Greyscale images are near-infrared exposures from the Hubble Space
Telescope (co-added F160W and F110W filters), the Very Large Telescope (Ks), the Southern
Astrophysical Research Telescope (Ks), or the Spitzer Space Telescope (3.6 µm) and trace the
starlight from the foreground lensing galaxy. The images are shown with logarithmic stretch.
When known, the redshift of the foreground galaxy (zL) is specified in black. In nearly every
case, there is a coincidence of the millimetre/submillimetre emission, determined by the redshift
search data to arise at high redshift, with a lower redshift galaxy, a galaxy group, or a cluster. This
is precisely the expectation for gravitationally lensed galaxies. Three cluster lenses are apparent,
SPT 0550-53, SPT 0551-50, and SPT 2332-53, with two other systems lensed by compact groups
(SPT 0113-46, SPT 2103-60). z=0.361 

mi=18.3 
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Table 1
Ephemeris of SALT Spectroscopic Observations

Target Name RSS Obs Mode1 Obs Date UTC start Exp time (s)

SPT-S J052903�5436.6 LS-PG900-2�� slit 2012-02-13 21:30:24 652
SPT-S J055138�5058.0 MOS-PG900-1�� slitlet 2013-02-04 22:13:28 840

. . . . . . 2013-02-12 21:48:53 1047
SPT-S J051116�5341.9 LS-PG900-2�� slit 2011-12-06 01:08:50 2390
SPT-S J052850�5300.3 MOS-PG900-1�� slitlet 2013-03-04 20:08:32 2080
SPT-S J053310�5453.3 MOS-PG900-1�� slitlet 2013-03-13 19:48:18 2080

1 Long slit (LS) observations were obtained under program 2011-3-RU-015 (PI: Amruta Desh-
pande); multi-object spectra (MOS) were from program 2012-2-RU-005 (PI: John P. Hughes).

Table 2
SALT Spectroscopic Results

Target Name Galaxy Id mi redshift R sp. type

SPT-S J052903�5436.6 SCS J052903�543639 17.1 0.1401± 0.0002 15.7 abs
SPT-S J055138�5058.0 SCS J055137�505808 18.3 0.3614± 0.0002 8.2 abs

. . . SCS J055137�505805 19.4 0.3625± 0.0005 4.3 abs
SPT-S J0521116�5341.9 SCS J051116�534204 22.3 0.8045± 0.0002 6.7 em

. . . SCS J051116�534154 21.9 0.5912± 0.0002 8.8 em
SPT-S J052850�5300.3 SCS J052850�530016 18.9 0.4856± 0.0002 8.8 em+abs
SPT-S J053310�5453.3 SCS J053310�545320 17.9 0.4350± 0.0002 8.0 abs

. . . SCS J053311�545305 19.1 0.4349± 0.0003 5.3 abs

. . . SCS J053317�545334 18.3 0.4379± 0.0006 4.1 abs

We follow V10 by associating sync sources with the
nearest cataloged radio source. In order to obtain the
most precise cataloged position, we queried NED at the
position of each mm-band source. We suppplemented
In many cases positions from the Sydney University

Molonglo Sky Survey (SUMSS) catalog (version 2.1) were
not precise enough to match a unique optical counter-
part, so we instead queried NED at the position of each
mm-band source.
We present the and selecting the position and its error
We then associate the nearest optical counterpart to
We downloaded the most recent catalog (version 2.1)

of the Sydney University Molonglo Sky Survey (SUMSS)
catalog of the radio sky at 843 MHz (Murphy et al. 2007).
Protocol: An isolated and unblended optical counter-

part within the quoted errors of the associated radio
source.
There are 21 good matches of SPT point sources with

AT20G radio sources. These provide high accuracy
source locations, which, with one exception, allowed for
an excellent optical counterpart to be confirmed. The
one exception is the AT20G source associated with SPT-
S J052215�5607.4 which lies close to the bright star SAO
233952. The star’s di�raction spike falls exactly on the
location of the AT20G radio source, rendering it di⌅-
cult to detect a faint optical counterpart. Indeed we can
exclude
There are also 18 good matches of SPT point sources

with CRATES sources (Healey et al 2007, ApJS, 171,
61). Fourteen of these are also AT20G sources, but four
(CRATES J054828-521829, CRATES J055234-534926,
CRATES J053145-541435, and CRATES J051439-
532830) are not. Excellent optical counterparts were con-
firmed for these four cases.
CRATES J053146.48-541432.5 designation (Healey et

al 2007, ApJS, 171, 61). Optical iD is secure.
There are 19 ACT 148 GHz sources within the R.A.

range 5h10m to 5h55m (Marriage et al. 2011), all of
which are associated with SPT sync sources. Any posi-
tional o�set between the ACT and SPT sources is small
(<5��) and the deboosted source fluxes agree to 7% (i.e.,
F�,ACT 1.07F�,SPT). There is a significant amount of
scatter (⇤20%) in the flux measurements for individual
sources (see Figure 3) suggesting the presence of time
variability.
Compare to Marsden et al. (2013).

4.1. Radio Loudness

It is expected that these sources, selected as they are in
the mm-band, should correspond to a radio loud sample.
In this section we test this assertion for the sync sources
with secure optical counterparts. Following Ivezić et al.
(2002) we define radio loudness Rm based on observed
fluxes without K-corrections (since few of our sources
have known redshifts) as Rm = log(Fradio/Foptical),
where m is one of the optical magnitudes. In order to
compare directly to Ivezić et al. (2002), who used 20
cm fluxes from the FIRST survey, we extrapolate the
SUMSS 843 MHz flux densities to 1.4 GHz using a spec-
tral index of �0.5 and we use the i-band magnitudes for
the optical fluxes.
And indeed the sample is radio loud with a median

value for all sources of ⇤720. Two objects, SPT-S
J053726�5434.4 and SPT-S J051506�5344.2, have val-
ues of Ri < 1 the traditional dividing line between radio
quiet and radio loud AGN. The first is an optical quasar
from the Hamburg/ESO survey (Wisotzki et al. 2000)
that is undetected in the SUMSS survey; the second is
a low redshift (z = 0.01435) spiral galaxy cataloged as
ESO 159-G002. For the remaining sources Ri varies from
10 to a maximum value of 3.6 ⇥ 104. In general the re-
solved sources show considerably lower radio loudness (a
median of Ri = 120 for 13 sources) than the unresolved
ones (a median of Ri = 1200 for 30 sources). Check
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RINGS  
RSS Imaging and Spectroscopy Nearby Galaxy Survey 

"  Left: Velocity map of NGC 2280 produced from SALT 
RSS Fabry-Pérot imaging. 8' field-of-view. 

"  Bottom: Model rotation curve fit for NGC 2280. 

"  Measured systemic velocity: 1861.6 km/s (heliocentric) 

"  Scale: 1” ~ 136 pc at distance of 28 Mpc. 
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RSS Multi-Object UV Spectroscopy of z=2  
Star-Forming Galaxies 

Caryl Gronwall (PSU/HET), Eric Gawiser (Rutgers), Alex Hagen (PSU Ph.D. student), et al. 

Spectrum of galaxy at z = 2.101 (in EHDF-S) obtained in four 
hours (stack of six 40 minute observing blocks).    
 
Top panel shows observed 2-d spectrum.  
Bottom panel shows extracted 1-d spectrum.  
Lyα emission line detected and resolved with ∆v�150 km s−1.  
 
Demonstrates:  
-feasibility of studying emission lines in high-z galaxies 
-ability to stack multiple MOS exposures to increase S/N 
 
Stacking exposures with simple integer shifts, we find  
S/N � t0.25 (instead of optimal t0.5).  
Now also trying to rectify rotations between exposures.        
 
More sophisticated data reduction and additional observing 
time should improve the quality of the spectra.  
 



Redshifts of Massive ACT SZE Clusters 
Joint RSA+RU program (2013-1-RSA_RU-001, 2013-2-RSA_RU-002) 
 
Team: Matt Hilton, Kavi Moodley, Susan Wilson (UKZN), Brian Kirk, Catherine Cress 
(CHPC), Steve Crawford (SAAO), Jack Hughes (RU), Felipe Menanteau (Illinois) 
 
Goal: Measure redshifts of cluster galaxies to estimate dynamical mass from velocity 
dispersion. Clusters come from the Atacama Cosmology Telescope, selected through 
the Sunyaev-Zel’dovich Effect. Calibrate the YSZ vs. Mdyn scaling law to use cluster 
number counts to constrain cosmology. 

ACT-CL J0320.4+0032 
zphot = 0.38 

The Astrophysical Journal, 772:25 (16pp), 2013 July 20 Sifón et al.
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Andersson et al., slope=0.60±0.10
Planck Col., slope=0.57±0.03
Marrone et al., slope=0.44±0.12
Battaglia et al., slope=0.58±0.02

Figure 4. Scaling relations between SZE estimators and dynamical mass
for the match-filtered amplitude ỹ0 (top), the central Compton parameter y0
(middle), and Y200c , the Compton y-parameter integrated out to r200c (bottom),
all including three-season ACT data. All estimators have been scaled as indicated
in the axis labels (see Equations (4)) and data points have been corrected for
flux bias as detailed in the text. Solid blue lines show the best-fit power laws,
with the 1σ uncertainties marked by the shaded regions (see Table 5). Different
symbols identify whether each cluster is disturbed (triangles), relaxed (circles),
or not classified (squares). The black dotted line shows the scaling relation found
when applying the NFW profile correction described in Section 6.2. Previous
estimates of the Y200c–M200c scaling relation are shown in the bottom panel
with dashed and dot-dashed lines (see the text for details).
(A color version of this figure is available in the online journal.)

Table 6
Best-fit Parameters of Scaling Relations for Selected Subsamples

Relation Sample A B σMY

ỹ0
corr–M200c Disturbed 14.99 ± 0.13 0.86 ± 0.36 0.15 ± 0.09

Relaxed 15.01 ± 0.12 0.77 ± 0.28 0.13 ± 0.09
ycorr

0 –M200c Disturbed 15.03 ± 0.33 0.78 ± 0.48 0.18 ± 0.10
Relaxed 15.01 ± 0.11 0.93 ± 0.20 0.09 ± 0.08

Y corr
200c–M200c Disturbed 15.02 ± 0.13 0.43 ± 0.17 0.23 ± 0.18

Relaxed 14.96 ± 0.11 0.58 ± 0.19 0.15 ± 0.15

Notes. There are seven disturbed and seven relaxed clusters. The scaling
relations are in the same form as in Equations (4). Uncertainties have been
estimated through bootstrap resampling.

5.3. Previous Results

Rines et al. (2010) were the first to present a comparison of
SZE fluxes and masses derived from dynamical information,
but their sample selection did not allow for the estimation of
a scaling relation. Here, we review some SZE–mass scaling
relations derived from other observations or mass proxies. While
we note that many authors have presented scaling relations in
different forms and using a variety of mass proxies, here we
compare to those that have done so in the same form as is
done here (i.e., correcting by intrinsic evolution in the form of
Equations (4)).

When comparing to them, we have converted to values
calculated within r200c by assuming that the mass scales as
M ∝ Y γ , where γ is the best-fit slope found in each study.
Specifically, the conversion from a radius r∆ to r200c is done
by noting that, if M∆ = αM200c (given by an NFW profile)
and Y∆ = βY200c (given by the A10 profile), then if the scaling
relation is of the form M∆ ∝ Y

γ
∆ , it is straightforward that

(αM200c) ∝ (βY200c)γ .
The bottom panel of Figure 4 shows these scaling relations;

those where masses were estimated from X-ray observations
(Andersson et al. 2011; Planck Collaboration 2011b) and weak-
lensing measurements (Marrone et al. 2012) are shown with
dashed lines, and the dash-dotted line shows the results from
hydrodynamical simulations by Battaglia et al. (2012) which
include AGN feedback. (The quoted values for the latter are the
results at z = 0.5, which also corresponds to the characteristic
redshift of our sample.) The latter authors measure Y

cyl
200c, the

integrated Compton parameter within a cylinder of radius r200c,
which is converted to a spherical measure following Arnaud
et al. (2010).

The Y corr
200c − M200c scaling relation derived in this work is

in good general agreement with the scaling relations cited
above, although it is slightly shallower than those derived by
Andersson et al. (2011) and Planck Collaboration (2011b) and
that predicted by Battaglia et al. (2012), although the large
uncertainties prevent any further analysis. Larger samples of
clusters should help decrease these error bars.

6. POSSIBLE BIASES AND SYSTEMATIC EFFECTS

In this section we explore some effects, both physical and
from the analysis, that could be biasing the results of Section 5.
Given the current data set, however, they are all hard to assess, so
we have relied on simulations for some of them. A more detailed
treatment of these effects will be performed in the future, with
a larger sample of clusters.
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Gemini-S + VLT 
0.3 < z < 1.1 
Sifon et al 2013 
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Figure 14. Constraints on ΛCDM cosmological parameters from WMAP7 (black line contours) and
ACTcl+BBN+H0 (without CMB information). Contours indicate 68 and 95% confidence regions.
ACT results are shown for three scaling relations: UPP (orange contours), B12 (green lines), Non-
thermal20 (violet contours). While any one scaling relation provides an interesting complement to
CMB information, the results from the three different scaling relations span the range of parameter
values allowed by WMAP measurements.

plot the marginalized two-dimensional distribution of parameters σ8 and Ωm, with contours
showing the 68% and 95% confidence regions. The ACT cluster constraints, without CMB
information, are seen to nicely complement the results from WMAP7. But the variation
in the constraints between models shows the degree to which uncertainty in the cluster
physics diminishes the constraining power. The marginalized parameter values are provided
in table 3.

In a wCDM model (which differs from the ΛCDM model in that the equation of state
parameter w may deviate from −1), cluster counts are sensitive to the effect of dark energy
on the expansion rate of the recent universe. As shown in table 4, the ACT cluster data
provides slightly improved constraints on σ8 relative to WMAP7 alone; but the true power
of the cluster data is to break degeneracies between σ8, Ωm, and w. We present composite
parameters defined by σ8(Ωm/0.27)0.4 and w(Ωm/0.27) to express these improvements.

In figure 15, we show 2-d marginalized constraints for Ωm,σ8, and w. Note that, for this
plot only, we have included the H0 prior, to partially break the degeneracy between these
three parameters and to emphasize the role that normalization of the SZ scaling relation
plays in this space.

Overall, we find no disagreement between WMAP7 and the ACT cluster data for any
of the three model-based scaling relations considered. While the three scaling relations
produce results that almost completely span the range of Ωm and σ8 preferred by WMAP7,
a better understanding of scaling relation parameters can provide significant improvements
in parameter constraints given even a relatively small cluster sample. This is addressed in
the next section.
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WMAP7  

ACT clusters + BBN + H0 
(for 3 different pressure profiles) 
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Current SALT Programs at Rutgers 
•  Thermonuclear Supernovae: SNIa 
•  Supernova Remnants 
•  Galaxy Dynamics 
•  High redshift (z=2) star-forming galaxies 
•  ACT clusters, mm-band sources 
•  Herschel/ATLAS lenses 
•  RESOLVE  

with Leeuw (RSA) 

with Hilton & Moodley (RSA) 

with Kannappan (UNC) 

with Gronwall  
(HET) 

some with Buckley (RSA) 

with Williams (RSA) 


