CARDIFF UNIVERSITY

School Of Physics and Astronomy

BLAST: studying cosmic and Galactic star
formation from a stratospheric balloon

PhD in Physics and Astronomy

Academic Year 2010/2011

Author Supervisor
Lorenzo Moncelsi Dr. Enzo Pascale
Student Number: 0829637 Co-supervisor

Prof. Philip Mauskopf



Published Work

Refereed Publications
1. Moncelsi , L., Ade, P. A. R., et al. 2011, ApJ, 727, 83
2. Viero, M. P., Moncelsi , L., et al. 2011, ArXiv 1008.4359

3. Zhang, J., Ade, P. A. R., Mauskopf, P., Savini, G.Moncelsi ,
L., & Whitehouse, N. 2011, Appl. Opt., 50, 3750

4. Chapin, E. L., Chapman, S. C., et al. 2011, MNRAS, 411, 505
5. Braglia, F. G., Ade, P. A. R, et al. 2011, MNRAS, 412, 1187

6. Dye, S., Eales, S.Moncelsi , L., & Pascale, E. 2010b, MNRAS,
407, L69

7. lvison, R. J., Alexander, D. M., et al. 2010a, MNRAS, 402, 245

8. Zhang, J., Ade, P. A. R., Mauskopf, P.Moncelsi , L., Savini, G.,
& Whitehouse, N. 2009, Appl. Opt., 48, 6635

9. Eales, S., Chapin, E. L., et al. 2009, ApJ, 707, 1779

10. Viero, M. P., Ade, P. A. R., et al. 2009, ApJ, 707, 1766
11. Patanchon, G., Ade, P. A. R, et al. 2009, ApJ, 707, 1750
12. Pascale, E., Ade, P. A. R, et al. 2009, ApJ, 707, 1740
13. Marsden, G., Ade, P. A. R, et al. 2009, ApJ, 707, 1729
14. Truch, M. D. P., Ade, P. A. R,, et al. 2009, ApJ, 707, 1723
15. Dye, S., Ade, P. A. R,, et al. 2009, ApJ, 703, 285

16. Devlin, M. J., Ade, P. A. R., et al. 2009, Nature, 458, 737



Notes on Refereed Publications

Where not explicitly highlighted, Moncelsi appears as co-author in
alphabetical order, in concordance with BLAST's publication policy

albeit he is not part of the BLAST core team. We point out that

Moncelsi is a major contributor to the analyses carried out in papers
#1,2,9, 12, and 13. As of this thesis' submission date, the reéed

publications listed above have been cited 462 times.

Conference Proceedings

17. Fissel, L. M., Ade, P. A. R., et al. 2010, in Proceedings of SPIE,
Vol. 7741, Society of Photo-Optical Instrumentation Enginers
(SPIE) Conference Series

18. Bintley, D., Macintosh, M. J., et al. 2010, in Proceedings &PIE,
Vol. 7741, Society of Photo-Optical Instrumentation Enginers
(SPIE) Conference Series

19. Marsden, G., Ade, P. A. R., et al. 2008, in Proceedings of SPIE,
Vol. 7020, Society of Photo-Optical Instrumentation Enginers
(SPIE) Conference Series

20. Masi, S., Brienza, D., et al. 2007, in 18th ESA Symposium on
European Rocket and Balloon Programmes and Related Research
(ESA)



Preface

This thesis is the result of work | have undertaken as a researstu-
dent in the Astronomy Instrumentation Group, School of Physicand
Astronomy, Cardi University between October 2008 and Septendr
2011. As part of my research, during these three years | haveebe
deployed on observation and instrument integration campaigrtbree
times: at the Anglo-Australian Telescope, Siding Spring Obsetory,
Australia in November 2008; at the Columbia Scienti ¢ Balloon Fa-
cility, Palestine, Texas, USA, in June and July 2010; and at the Long
Duration Balloon (LDB) facility near McMurdo Station, Antarctica ,
from November 2010 to January 2011.

Except where otherwise stated and referenced, this thesisedglin-
cludes research carried out by myself in its entirety, or for tamost part
if the work was done in collaboration with the BLAST and BLAST-
Pol teams. Neither this thesis nor any similar dissertation habeen
submitted for a degree, diploma or other quali cation at this o0 any
other university. This thesis does not exceed 80,000 words in dgim.

Chapters 2 and 3 of this thesis are largely based on papers # 1
and 2 (as listed inPublished WorK, respectively. These scienti ¢ pro-
ductions are my intellectual property, as | have conducted theafgest
part of the analyses described in them. In particular, in pape# 2,
| have performed the stacking analysis, SED tting, noise eshation
and propagation, which led to the estimates of SFRs and their ger-
tainties; | have also been a major contributor to the text.

Finally, where applicable, | adopt American English spelling for
consistency with most of the published work.

Lorenzo Moncelsi
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| will y - beyond the gates of space and time
| leave the Universe behind
and | can't wait until tomorrow

Fly - beyond the gates of space and time
| know the Universe is mine
‘cause | will dive into the black hole
Ride - and there's a call from deep within
| know | won't return again
‘cause | will dive into the black hole

from \Beyond the black hole"
\Somewhere out in space”
Gamma Ray (1997)



VIl

Thesis Summary/Abstract

Understanding the history of the formation of stars and evolubn of
galaxies is one of the foremost goals of astrophysics. While stamit
most of their energy at visible and ultraviolet wavelengthsguring the
early stages of star formation these photons are absorbedthye dusty
molecular clouds that host and fuel the emerging stars, and sgnitted
as thermal radiation at infrared and submillimeter wavelengths.

The Balloon-borne Large Aperture Submillimeter Telescope
(BLAST) was designed to study the history of obscured star foraz
tion in galaxies at cosmological distances and witness the degsaif
the star-formation processes in our own Galaxy, by conductingrige-
area surveys of the sky at 250, 350, and 50 from a long-duration
stratospheric balloon platform. Its polarimetric adaptation, BLAST-
Pol, will allow us to further probe the strength and morphology of
magnetic elds in dust-enshrouded star-forming molecular claig in
our Galaxy. The study of these two diverse, yet highly compleme
tary, topics is the primary scienti c motivation for this thesis, which
IS in two parts.

Part One is concerned with the analysis of a combination of the
extragalactic dataset collected by BLAST in the 2006 Antarctic aa-
paign, which comprises maps containing hundreds of distartjghly
dust-obscured, and actively star-forming galaxies, with a wkh of
ancillary multi-wavelength data spanning the radio to the ultavio-
let. The star-formation rates we observe in massive galaxies agh
redshift support downsizing and size evolution.

Part Two describes the BLAST-Pol instrument. In particular, we
focus on the gondola's primary pointing sensors, the star caras, and
on the design, manufacture and characterization of a polaaton



IX

modulation scheme, comprising a cryogenic achromatic halave plate
and photolithographed polarizing grids, which has been e ecftely
retro tted on BLAST-Pol.

We report on the construction and deployment of BLAST-Pol,
which completed its rst successful 9.5-day ight over Antarctca in
January 2011 and mapped ten science targets with unprecedahte
combined mapping speed, sensitivity, and resolution.
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1. INTRODUCTION

Understanding how the early Universe evolved into the structusgthat
are observed today is one of the foremost goals of astrophysicsl a
experimental cosmology. In particular, the history of the fionation
of stars and evolution of galaxies is not fully understood yet. Wie
stars emit most of their energy in the visible (optical) and ultaviolet
(UV) part of the electromagnetic spectrum, during the early siges of
star formation this radiation is absorbed and obscured by thdusty
molecular clouds that host and fuel the emerging stars. The dust
iIs heated to tens of kelvin, generating thermal emission at irdred
(IR) wavelengths. Regions that are luminous at these wavelethg
indicate active in-situ star formation, which in turn is often aseciated
with dynamical stages in galactic evolution. When this thermal IR
emission has originated in distant galaxies, the light is stretcheby
the expansion of the Universe and reaches an observer on Easah
submillimeter (submm) and millimeter (mm) radiation.

From an observational point of view, surveys in the optical have
enjoyed a head-start of several decades, and pioneered tledd since
the derivation of Hubble's (1929) law. However, thanks to the ra}
tively recent advances in IR and submm{mm instrumentation, Gkac-
tic and extragalactic observations have started to incorpate these
longer wavelengths in the search for a more complete understiamg
of the formation of structures in the Universe. Impressive headgy
has been made in the past three decades by conducting surveys o
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the sky at IR and submm{mm wavelengths within our Galaxy, in
nearby galaxies that populate the local Universe, and in galaxied
cosmological distances. These observations provide a highbmple-
mentary picture to those carried out at much shorter wavelagths in
the optical, and have been proven to be fundamental to invegtte the
physical processes associated with star formation and galaxyokition
(e.g., Hildebrand 1983, Helou et al. 1985, Rowan-Robinson et al. 199
Puget et al. 1996, Smail et al. 1997, Schlegel et al. 1998, Fixserakt
1998, Hughes et al. 1998, Genzel et al. 1998, Calzetti et al. 2000).

Most of these ground-breaking ndings resulted from data acigred
with space-based observatories, namely tiefrared Astronomical Satel-
lite (IRAS; Neugebauer et al. 1984), th€osmic Background Explorer
(COBE; Boggess et al. 1992), and thénfrared Space Observatory
(1SO; Kessler et al. 1996). The necessity for geocentrically orbign
telescopes was dictated by the fact that observations fronmé ground
are impaired by the atmosphere being opaque over much of thewsa
length range from 20 m to 1 mm, with only the 850 m atmospheric
window having routine transmission of over 50%. In fact, thisdnd
has been e ectively exploited with the Submillimetre Common-User
Bolometer Array (SCUBA; Holland et al. 1999) to discover a popu-
lation of distant, extremely luminous, heavily dust-enshroud§ star-
burst galaxies (Hughes et al. 1998, Barger et al. 1998).

In the last decade, three other IR and submm{mm space obser-
vatories have started operations in far-Earth orbits, which x@ose
the telescopes much less to Earth's heat load hence prolongtheir
mission lifetimes: theSpitzer Space Telescop@Nerner et al. 2004),
placed in heliocentric Earth-trailing orbit since 2003; and theHer-
schel Space Observator{Pilbratt et al. 2010) along with the Planck
satellite (Planck Collaboration 2011), which entered a Lissajouwbit
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around the second Lagrangian point (L2) of the Earth-Sun sysin in
mid-2009. Some of the data and results obtained by the formewnad
observatories are used and referenced, respectively, in thesis, as
they are highly relevant to our study.

Naturally, space-based missions bring economic burden on these
agencies, and typically require two decades of work betweemcep-
tion and deployment; as a consequence, state-of-the-artchaologies
and components are not easily implemented aboard these paylead
because they increase the risk of jeopardizing the entire m@s A
much less expensive alternative to satellites are long-duratiomlibboon
(LDB) platforms, which oat for 4{15 days at stratospheric alitudes
of 40km to provide > 99% atmospheric transparency in the far-IR
(FIR) and submm bands. Balloon-borne payloads have been used
since the 1960s as precursors to space-based instrumentscesithe
much shorter timescales of realization as well as the limited bgelt
requirements allow greater exibility in terms of components usednd
experimental proofs of concepit.

The Balloon-borne Large Aperture Submillimeter Telescope (BLAST;
Devlin et al. 2004, Pascale et al. 2008), a forerunner of the SPIREg
tometer (Gri n et al. 2010) aboard Hersche] was designed to conduct
confusion-limited and wide-area extragalactic and Galactic seeys at
submm wavelengths from a LDB platform. The sky is mapped by
BLAST with a 1.8 m primary mirror and re-imaged onto the focal-
plane arrays, composed of 280 bolometric detectors; thesepde si-
multaneous photometric measurements at 250, 350, and 506 with
di raction-limited resolutions of 30{60% over an 88 square arcminute
eld of view. The recent conversion of BLAST into a polarimeter,
BLAST-Pol (see Chapter 4), will allow us to further probe the ear-
liest, highly obscured stages of star formation, and in partidar the
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inherent role of magnetic elds, via the polarized submm emism
from aligned elongated dust grains. As described in more detail i
Section 4.1, BLAST has had three LDB ights: a 4-day ight from
Kiruna, Sweden in June 2005 (BLASTO05); a 11-day ight over Antarc-
tica in December 2006 (BLASTO06); and a 9.5-day ight, again over
Antarctica, in December 2010 (BLAST-Pol).

BLAST has had and will continue to have a cardinal impact on
the scientic community since the publication of its rst results in
2008. Not only have the BLAST analyses provided a very valuable
benchmark for those that are emerging from space observaas such
asHersche] but its results and some of the state-of-the-art technologs
implemented on the payload will probably stand the test of time.

The research presented in this thesis combines the reductionda
interpretation of astrophysical data with the design, manufaatre and
characterization of astronomical instrumentation. We theri®re divide
the thesis in two Parts.

Part One is concerned with the analysis and interpretation of a
combination of the BLASTO6 primary extragalactic dataset, whsh
comprises maps containing hundreds of distant, highly dusibscured,
and actively star-forming galaxies, with a series of multi-walength
data spanning the radio to the UV. Part One also reports a challemp
mid-IR (MIR) to submm measurement of the level of star formatin
in optically-selected compact massive galaxies at high redghi

Part Two describes the experimental work carried out duringhe
construction and deployment of BLAST-Pol, which is aimed at prob-
ing the earliest stages of star formation by measuring the strgth and
morphology of magnetic elds in dust-enshrouded star-formg regions
in our own Galaxy. The study of these two diverse, yet highly com-
plementary, topics is the primary scienti c motivation for this thesis.
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In the following, we outline in greater detail the scienti c moti-
vations for the BLAST extragalactic survey (Section 1.1) and e
BLAST-Pol Galactic survey (Section 1.2); nally, Section 1.3 gives
an overview of the thesis' structure and content, as well as aibf ac-
count of the contribution brought by Lorenzo Moncelsi (LM) tothe
BLAST and BLAST-Pol projects.

1.1 Extragalactic Science Case

1.1.1 The dust-obscured Universe

Observational evidence suggests that much of the ongoingistorma-
tion in the Universe takes place in a dusty, heavily-obscured intsel-
lar medium (ISM), at all epochs (Rowan-Robinson et al. 1997, Haeis
et al. 1998, Dwek et al. 1998, Blain et al. 1999b, Chary & Elbaz 2001,
Le Floc'h et al. 2005, Chapman et al. 2005, Dye et al. 2008, Pascale
et al. 2009). When the Universe was less than 10% of its currenteag
galaxies had already formed from the rst generations of starsvhich
then proceeded to enrich (pollute) the primeval ISM with metaland
the other by-products of star formation, such as amorphouslisate
and carbonaceous dust grains (Rowan-Robinson 1986, DraR@03).
The prime observable for understanding galaxy formation andre-
lution is the star-formation rate (SFR). In particular, the most sensible
approach to measure the SFR of a galaxy is to estimate the numbar
massive stars, as they are short-lived and thus only presentrihg the
phases of active star formation in a galactic system. The restime
optica{UV emission from young, massive stars is usually \reddexd"
by dust, often partially extinguished, and sometimes even corgely
obscured (optically thick; Savage & Mathis 1979, Mathis 199Calzetti
et al. 2000). On the other hand, observations at rest-frame Rlwave-
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lengths provide an almost transparent view (optically thin) inb the
cores of star-forming molecular clouds by tracing the thermaighature
of heated dust. The FIR has opened a new window on the Universe,
with its ability to detect violent star-formation activity in dust y and
gas-rich galaxies (Genzel et al. 1998), which can be missed in even the
most sensitive rest-frame optical{UV searches with thélubble Space
Telescope(HST) and ground-based 10-m class telescopes.

In addition, at high redshift (z) the e ect of cosmological dimming
Is partially compensated in the submm{mm bands by the shift in peak
wavelength of a galaxy's spectral energy distribution (SEDRanN e ect
referred to as \negative K-correction” (e.g., Blain et al. 2002;e® also
Figure 2.7); this allows submm{mm wavelength observations to tce
the evolution of star formation in dusty galaxies throughout adrge
volume of the high-redshift Universe.

1.1.2 Galaxy formation and evolution

In the original optical morphological classi cation schemeqf sequence)
of galaxies introduced by Hubble (1926), there are two main types
of galaxies: the ellipticals (or \early-type") and the spirals(or \late-
type"). While elliptical galaxies are typically red, gas-poor ad harbor
an old, evolved stellar population, spiral galaxies are blue, viita dom-
inant population of young stars, and contain large amounts ofag and
dust (red" and \blue" refer to the galaxy's optical colors; e e.g.,
Bell et al. 2004). Although this is a rather simplistic scheme, it des
suggest that galaxies of distinct morphologies have di ererdges and
have likely formed and evolved diversely.

The currently most successful picture for galaxy formation ahevo-

LIn the context of galaxy structure, we refer to \gas" as interstellar gas, which by mass is
composed of about 75% hydrogen (either in ionic [H ], atomic [H 1], or molecular [H;] form), and
of 23{24% helium plus a few percent of heavier elements (\metal’).
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lution is the model of hierarchical structure formation (e.g.Press &
Schechter 1974), where galaxies are assembled through mergerd
accretion of smaller galaxies. This paradigm is often realized thugh
N-body simulations and \semi-analytic" models, which make aasp-
tions about the astrophysical processes at work in galaxy evoioih
and then predict the observational consequences. These madekre
initially developed to explain optical and near-IR (NIR) observabns,
take a representative set of dark-matter halos that evolve @anmerge
over cosmic time, and determine their star-formation histoes using a
set of indicators for star formation and feedback from activgalactic
nuclei (AGN) and supernovae (e.g., White & Frenk 1991, Kau mann
et al. 1993, Guiderdoni et al. 1998, Somerville & Primack 1999, Cole
et al. 2000, Khochfar & Burkert 2003, Khochfar & Silk 2006).

Submm astronomy o ers unique advantages and opportunitiet®
confront the competing theoretical models (accretion by @tigas streams
[Dekel et al. 2009] and minor mergers [e.g., Daw et al. 2010], vessu
major mergers [e.g., Narayanan et al. 2010, Engel et al. 2010]), me
the empirical relationships (e.g., lvison et al. 2010a,b), ancest the
accepted scenarios that compose our current knowledge of thieysi-
cal processes that drive the initial formation of structure ad control
its subsequent evolution into the galaxies and clusters that wees
today (e.g., Amblard et al. 2011, Marsden et al. 2011). In particu
lar, some authors have recently started to incorporate in theisemi-
analytic models observables from submm astronomy, such ageage
galaxy SEDs, luminosity functions, galaxy counts, and redshittistri-
butions (e.g., Hatton et al. 2003, Lacey et al. 2008, Swinbank et. al
2008, Gonalez et al. 2011). As more information becomes availapl
the full capabilities of semi-analytic models will hopefully be ggied
to derive stronger constraints on dusty galaxy evolution.
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1.1.3 Resolving the FIR background

Further constraints to the above models can be imposed by thé-o
servational evidence that a major fraction ( 50%) of the energy in
the Extragalactic Background Light (EBL; excluding the Cosmic Nt
crowave Background [CMB] that permeates the Universe with a pho-
ton density of about 410 cm?3) is emitted at MIR to mm wavelengths
(Puget et al. 1996, Fixsen et al. 1998). The EBL arises from the in-
tegrated luminosity due to star formation and AGN activity within
all galaxies over the entire history of the Universe. The IR porin of
the EBL, usually referred to as Cosmic Infrared Background (CIB),
is broadly interpreted as evidence that half of the total UV{optcal
emission from stars and nuclear accretion disks, which in turnakes
up the Cosmic Optical Background (COB; Bernstein et al. 2002), is
e ectively absorbed by dust grains in the ISM of galaxies over wide
range of redshifts, and then re-radiated at longer wavelengtlfHauser
et al. 1998, Dwek et al. 1998). This produces a broad peak in the SED
of the EBL at about 200 m, whose integrated energy budget equals
that of the COB at shorter wavelengths (e.g., Dole et al. 2006).

One of the main goals of FIR{mm cosmological surveys, including
those undertaken with BLAST, is to \resolve" this di use extragdac-
tic FIR{mm background by identifying the individual dusty galaxies
that contribute to the integrated CIB emission. Studying the sarces
that make up the CIB can help us determine the evolutionary histy
of obscured star formation at highz and the mechanism of the as-
sembly of massive galaxies, their nature and physical propmes. As
detailed in the introduction to Chapter 2, the analyses performedy
the BLAST team by combining submm maps with external multi-
wavelength source catalogs have in fact resolved the long-whngth
side of the CIB into individual sources detected at 24m with ux
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density? & 20 Jy (Devlin et al. 2009, Marsden et al. 2009, Pascale
et al. 2009). The methodology used to achieve these results gaom-
der the name of \stacking analysis", for which we extensivelyescribe
the mathematical formalism and the perfected technicalitiesni Ap-
pendix A; we also employ this technique in Chapter 3 to make a chal-
lenging measurement of the level of star formation in opticallgelected
massive galaxies at higlz-

1.1.4 A luminous population of submm galaxies at high-

During the last 15 years, the SCUBA camera on the 15-m James Clerk
Maxwell Telescope (JCMT) and the Max Planck Millimetre Bolome-
ter Array (MAMBO; Kreysa et al. 1998) on the 30-m Institut de Ra-
dio Astronomie Millimetrique (IRAM) telescope have allowed a series
of ground-breaking surveys of the extragalactic sky at 850n and
1.2 mm, respectively, covering a combined areal ded.

These observations led to the important discovery of a luminous
population of high-redshift, optically-obscured, dusty sirburst galax-
ies (e.g., Smail et al. 1997, Hughes et al. 1998, Scott et al. 2002, &re
et al. 2004). Preliminary measurements of the redshift distritiion of
this new dust-enshrouded submm population, based on optiand IR
spectroscopic and rest-frame radio{FIR photometric datag.g., Chap-
man et al. 2003, 2005, Aretxaga et al. 2003, 2005), con rmed thg-e
pected high-redshifts of these galaxieZ{egian 2.4, with 50% of the
sources between:2 < z < 2:8). The inherent bias in the method by
which the faint optical and/or IR counterparts are frequently identi-
ed leaves open the possibility that a signi cant fraction of thesubmm
population could reside atz & 3. The demonstration that the major-

2 Throughout this thesis we make use of the Jansky (Jy) as a (not8l) unit of ux density,

— W
expressed as Jy = 1026 4.
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ity of the submm population are atz > 1 implies that these galaxies
are extremely luminous in the rest-frame FIRI(pr & 102L ).

Therefore, these extragalactic submm surveys have identi esltes
of powerful star formation (with rates  200M yr ) in the early
Universe, which are believed to be associated with an epoch dgyin
which massive galaxies were assembled. The integrated resolegds-
sion from these individual submm sources contributes 30{100% of
the extragalactic background at 850 m (Blain et al. 1999a) and 20{
30% of the diuse FIR background that peaks at 200 m (Coppin
et al. 2006, Dye et al. 2007). A key goal of observational cosmogy in
recent years has been to understand the evolutionary histoof this
newly discovered high-redshift submm galaxy population.

1.1.5 The assembly of massive galaxies

It has become clear in recent years (Marchesini et al. 2009) trebout
half of the stellar mass i,) in galaxies in our Universe has formed
over the last 7.5 Gyr (0O< z < 1). However, the details of how the mass
has been assembled and what physical processes were involveaddy e
stages of galaxy evolution remain unclear. Although models of gay
formation predict that galaxies form hierarchically, observ@ons in
the optical indicate \downsizing", with high-mass galaxies ass#ling
their stellar mass earlier than low-mass systems, and that thedghift
at which star-formation activity peaks is a monotonically incrasing
function of the nal stellar mass (Heavens et al. 2004). The best
observable known to date for studying downsizing and mass as$dyn
is the Speci ¢ Star-Formation Rate (SSFR; Brinchmann et al. 24),
the ratio between the instantaneous SFR in a galaxy and the stail
mass integrated over the galaxy's history. The SSFR, as obseive
in the optical and NIR, increases withz at a rate independent of



1. Introduction 11

mass (Damen et al. 2009). Also, SSFRs of more massive galaxies are
typically lower than those of less massive galaxies out to redthe 2.

This behavior has been very recently observed in FIR/submm-
selected galaxies with BLAST (see Chapter 2) antderschel(Rodighiero
et al. 2010), again out toz 2. Therefore, the downsizing pattern
seems to be at work up to relatively high redshift, for sampdeof
galaxies selected both in the optical/NIR and in the FIR/submm. We
are urged to study whether downsizing still occurs in mass-assdmb
galaxies at very high redshift £ & 3). Could it be just a selection
e ect? How does it relate to the high molecular gas fractions obsed
in distant massive star-forming galaxies (Genzel et al. 2006, deoni
et al. 2006, 2008, 2010)?

At slightly higher redshift (1:7 <z < 2:9), recent follow-up obser-
vations at submm wavelengths of an optically-selected sanepbf mas-
sive galaxiesfl» 10''M ), detected with the Near Infrared Camera
and Multi-Object Spectrometer (NICMOS; Schneider 2004) camaon
HST, estimate SFRs of the order of a hundrel yr 1. Yet, these
SFRs are signi cantly lower than the ones measured for equallyas-
sive and distant, but heavily obscured, submm galaxies. This selt
has been reported independently, and using di erent methodlmies,
by the BLAST (see Chapter 3) andHerschel(Cava et al. 2010) teams.
In addition, when this sample of optically-selected, massigalaxies is
morphologically divided into spheroid-like and disk-like systes the
latter show an average SFR that is at least 3{4 times higher tharhat
of the spheroids. What is the nature of these di erent populabns of
massive galaxies at higlz?? Do they really undergo a morphological
transition as per the Hubble sequence? Are they linked throughddi
sipative major mergers (Mihos & Hernquist 1994, 1996, Tacdoet al.
2008, Bournaud et al. 2011), or are they following separate ewtbn-
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ary paths leading to di erences in the structural parameters?

There are indications that massive galaxies at high redshift arthe
cores of present-day massive ellipticals (Hopkins et al. 2009%Z&nson
et al. 2009), and that the growth of these galaxies takes place stly
in the outskirts via star formation and minor mergers (Hopkins teal.
2009, van Dokkum et al. 2010) | a process sometimes referred tas
\inside-out" growth, which has also been observed in hydrodynacal
cosmological simulations (Naab et al. 2009, Johansson et al. 2008er
et al. 2010). In Chapter 3, we discuss how our ndings are qualiigely
consistent with a picture of gradual growth in the outer regions

1.2 Galactic Science Case

1.2.1 Background

The extragalactic emission detected by BLAST, whether from star-
burst galaxies, buried AGNs, or the di use CIB, results from higer-
frequency photons reprocessed by dust. In the previous dent we
have outlined how measurements of the global level of star fortrem
in galaxies at cosmological distances can lead to a better undensd-
ing of the formation and evolution of the structures in our Univese.

In our Galaxy, we have the opportunity to witness the details of
how starlight is reprocessed and thereby probe the physics of eige
environments. Star formation in the Milky Way takes place in clods
of dense dust and gas (sometimes called \stellar nurseries")tiviem-
peratures of 10{30K, which glow at FIR and submm wavelengths.
The dynamics, temperature distribution and masses of the predlar
regions, as well as the strength and morphology of the local greetic
elds provide a probe of the earliest stages of star formation

These stellar nurseries are overdensities in the cold ISM whereeth
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gas is mostly found in molecular form; hence they go under the name
of molecular cloudd. Vast assemblages of molecular gas with masses of
10%{10°M are called giant molecular clouds (GMCs). These clouds
can reach tens of parsetsn diameter and have an average parti-
cle density ofn  10?{10%cm 3 (see e.g., Lada 2005). GMCs are
highly structured; in particular, they contain dense gas in tk form

of identi able clumps, called \pre-protostellar" (or \prestellar") cores,
which are gravitationally-bound and have mean particle derses of

n 10*cm 3, with peaks as high as 10°cm 3. These dense cores
have masses ranging from 1{1000M , and typically spawn one or
more young protostars, which eventually develop into main sequee
stars. However, the quantitative details of these early stageof star
birth are far from being well understood.

Signi cant progress has been made in recent years on the knowl-
edge of the spectrum of masses of prestellar cores, and its agpar
connection to the distribution of stellar masses. Observatis of dust
emission and extinction (e.g., Motte et al. 1998, Johnstone et. &000,
Reid & Wilson 2006, Alves et al. 2007, Nutter & Ward-Thompson
2007, Ande et al. 2010, Kenyves et al. 2010) show that the over-
all distribution of core masses (usually referred to as \predtar core
mass function" [CMF]) bears a striking resemblance to the stellani-
tial mass function (IMF; Salpeter 1955, Miller & Scalo 1979, Kencutt
1983, Kroupa 2001, Chabrier 2003). This suggests that the ongof
the IMF lies in the power spectrum of density uctuations in turbuent
molecular clouds (e.g., Hennebelle & Chabrier 2008).

3 Besides the vast majority of cold molecular hydrogen (H), a notable constituent in molecular
clouds is carbon monoxide (CO). CO is the species most easilgetected through its rotational
emission lines, and is a reliable tracer of bl because the ratio between CO luminosity and H mass
is observed to be nearly constant.

4 Throughout this thesis we make use of the parsec [pc] as a (ne@l) unit of distance, expressed
as 1pc = 30857 10' m=3:26156 light years [ly]= 20626 10° astronomical units [AU].
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GMCs generally host many Jeans (1902) masséd{ 20{80M )
and have free-fall (or dynamical) timescales of 1{3Myr. The &gal
lifetimes of GMCs have been a matter of long debate, with estimates
ranging from one to ten or more free-fall times (e.g., Murray@1).

If GMCs are long-lived, the question arises as to what holds them
up. The thermal pressure, along with either the energy stored irhé
local magnetic eld or carried by supersonic turbulent gas mains,
can provide the necessary support against gravitational ¢apse.

A small fraction, typically 10 ©, of gas particles ionized by cosmic
rays provide strong coupling between the cold gas and the maaiic
eld within molecular clouds. Thus, magnetic elds might play an
important role in the evolution of star-forming clouds, perhapson-
trolling the rate at which stars form and even determining the mases
of stars (Crutcher 2004, McKee & Ostriker 2007). Many theoriesnd
models have been developed in which magnetism plays a crucialer
in star formation (e.g., Galli & Shu 1993a,b, Allen et al. 2003).

On the other hand, the last decade has seen models leaning more
towards the control of star formation by supersonic, supeifenic
turbulent gas ows (Elmegreen & Scalo 2004, Mac Low & Klessen
2004, Padoan et al. 2004), in which case the local magnetic eld is
too weak to have a decisive in uence. Impressive advances in com-
puter hardware and magnetohydrodynamic (MHD) algorithms have
led to the widespread use of detailed numerical simulations afrbu-
lent molecular clouds (e.g., Ostriker et al. 2001, Nakamura & Li 280,
which are highly dynamical structures and not necessarily loriged.

Recent observations undertaken wittHerschelreveal the presence
of highly lamentary structures in the ISM (Men'shchikov et d. 2010,
Ande et al. 2010, Ward-Thompson et al. 2010, Molinari et al. 2010);
several possible models for the formation of lamentary dm struc-
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tures have been proposed in the literature. In particular, nume
cal simulations of supersonic MHD turbulence in weakly magnegd
clouds always generate complex systems of shocks, which fragm
the gas into high-density sheets, laments, and cores (e.g.afoan
et al. 2001). Filaments are also produced in turbulent simulationsf
more strongly magnetized molecular clouds, whereby the gas daa
channeled and collapse along the eld lines (Nakamura & Li 2008).

Since Galactic magnetic elds are di cult to observe, espeailly in
obscured molecular clouds (see e.g., Crutcher et al. 2004, Whitit al.
2008), it has not yet been possible to clearly establish the inance of
magnetic elds on GMCs and star formation. One promising methib
for probing them is to observe clouds with a far-IR/submm polame-
ter (Hildebrand et al. 2000, Ward-Thompson et al. 2000). By trac-
ing the linearly polarized thermal emission from dust grains aligae
with respect to the local magnetic elds, we can measure direoh
and strength of the plane-of-the-sky component of the eld whin the
cloud. FIR/submm polarimetry is an emerging area of star fornteon
research, with many upcoming experiments that have already anll
map elds on di erent scales.

Ground-based observations with the SCUBA polarimeter (Murray
et al. 1997) and the Submillimeter Polarimeter for Antarctic Remote
Observations (SPARO; Novak et al. 2003) show that the submm emis-
sion from, respectively, prestellar cores and GMCs is indeed poiaad
to a few percent (Ward-Thompson et al. 2000, Li et al. 2006 Planck
(Planck Collaboration 2011) will provide coarse resolution (F\WMM

5% submm polarimetry maps of the entire Galaxy. The Atacama
Large Millimeter/submillimeter Array (ALMA; Wootten & Thompson
2009) will provide sub-arcsecond resolution mm/submm polarietry,
capable of resolving elds within cores and circumstellar dis, but
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will not be sensitive to cloud-scale elds.

BLAST-Pol, with its arcminute resolution, will be the rst submm
polarimeter to map the large-scale magnetic elds within moledar
clouds with high sensitivity and mapping speed, and su cientangu-
lar resolution to observe into the dense cores 0.1pc). BLAST-Pol
will produce maps of polarized dust emission over a wide range of-co
umn densities corresponding t&, & 4 mag (see Table 4.2), yielding
hundreds of independent polarization vectors per cloud, for @ozen
clouds (see Table 1.1). Moreover, the polarimetric observatis of
BLAST-Pol complement those planned for SCUBA-2 (Bastien et al.
2005, Holland et al. 2006). In particular, BLAST-Pol will have bet-
ter sensitivity to degree-scale polarized emission. Core majus be
obtained using SCUBA-2 can be combined with those produced by
BLAST-Pol to trace magnetic structures in the cold ISM from scals
of 0.01 pc out to 5pc, thus providing a much needed bridge betre
the large-area but coarse-resolution polarimetry providedybPlanck
and the high-resolution but limited eld-of-view maps of ALMA.

Although the reduction of the dataset collected by BLAST-Pol dur-
ing its 2010 Antarctic campaign (see Section 1.2.5) has not yet been
nalized, we show a sample of preliminary polarization maps in Chap
ter 6, which result as the culmination of the whole data analysigpcess
and qualitatively demonstrate the overall success of the mies.

1.2.2 Previous work: Zeeman measurements, stellar polarimetry
FIR and submm{mm polarimetry

We have mentioned that Galactic magnetic elds are di cult to mea-
sure, especially those embedded in dark clouds. In the followinge
brie y describe the three main methods that have been used in ¢h
literature to measure magnetic elds in molecular clouds.
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Measurements of the Zeeman (1897) e ect in molecular clouds allow
one to estimate the line-of-sight eld properties using the linsplitting
of di erent electronic magnetic moment states in the preseecof a
magnetic eld. In particular, radio observations of Zeemarsplitting
in atomic (H 1 21cm line) or thermally excited molecular lines (such
as the hydroxyl [OH], cyano [CN], and sulfur monoxide [SO] radicals
provide the strength and direction of the line-of-sight compeent of
the eld (Crutcher 1999). However, most measurements with Hand
OH transitions are restricted to low or moderate densitiesn(H>) .
10°cm 3); on the other hand, successful measurements on the dense
core gas using suitable molecules like CN and SO are still rare (see
reviews by Crutcher 1999, 2004). Thus, Zeeman measurements do
not reliably probe the density rangen(H,)  10°%{10%cm 3, within
which the most important phenomena in star formation take place

The FIR/submm thermal emission from magnetically aligned dust
grains (see later in this section and Section 1.2.4 for more dd$aon
the possible alignment mechanisms) is partially polarized in a dogon
perpendicular to that of the sky-plane projection of the aligmg eld
(e.g., Hildebrand et al. 2000, Ward-Thompson et al. 2000). Polarized
dust emission has been mapped in dozens of clouds, with up to a few
hundred points per cloud. Moreover, eld strength estimatesan be
obtained from the dispersion of measured dust emission polaiion
angles (Chandrasekhar & Fermi [CF; 1953] technique; see Sectio2.3
for details). However, most dust polarization studies have bed&mited
so far to dense cloud cores (e.g., Crutcher et al. 2004, Kirk et aD(b).

Crutcher (2004) compares these CF estimates with those obtathe
with the Zeeman measurements, nding that molecular cloud cose
are in approximate equipartition between magnetic ux densyt and
turbulent kinetic energy. He writes that \a strong conclusion des
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come from the observations: both turbulence and strong magie
elds are important in the physics of molecular clouds. There doeh
seem to be a single driver of star formation." He further notethat
the elds in the cloud envelopes are almost completely unexpkmx.
In particular, it remains to be determined how the eld in the cors
connects with that in its surroundings.

We have said that the collisional coupling between the neutralag
and the ions frozen into the magnetic eld lines may provide sup-
port against the gravitational collapse of a cloud. A class oheoreti-
cal models invokes ambipolar di usion as the mechanism that &cto
change the mass distribution against the magnetic ux tube; bmuse
the ambipolar di usion timescale is several times longer thane dy-
namical contraction (or free-fall) timescale, neutral partites can drift
into the core without signi cant increase in the magnetic ux, eentu-
ally leading to a gravitational instability and dynamical collapse bthe
core (see e.g., Mouschovias 1976, Shu et al. 1987, Basu & Moaosgicts
1994, Tassis & Mouschovias 2004). Evidence for an increase atia
of the mass in a magnetic ux tube to the magnitude of the magnéet
ux (mass-to- ux ratio) from envelope to core would supportthese
ambipolar di usion models.

In principle, such large-scale cloud elds can be probed by p
cal/NIR polarimetry of background stars; starlight experience di er-
ential extinction by aligned dust grains and hence becomes peity
polarized in a direction parallel to that of the sky-plane projetion
of the aligning eld (see e.g., Draine 2003). In practice, howeve
stellar polarization measurements seem to be primarily sensé to
elds in the clouds' outermost skins, because the grain alignmee -
ciency is high at the cloud's surface, but much lower in the intesrs of
clouds (Lazarian 2007); in fact, in even moderately obscuredgions
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(Ay & 1{2 mag) the polarization e ciency (an observational tracerof
the alignment e ciency) at NIR and optical wavelengths is found b
be very much reduced (Whittet et al. 2001, 2008). On the otheramd,
the submm emission from highly obscuredd{ 30mag) quiescent
cores is indeed polarized (Crutcher et al. 2004, Kirk et al. 2006).

A possible explanation for this apparent inconsistency is praled
by the theoretical studies of Cho & Lazarian (2005) and Lazan &
Cho (2005), who calculate alignment e ciencies under the assump-
tion that grains are brought into alignment with magnetic elds Jva
the radiative torque mechanism: anisotropic and unpolarigestarlight
can both spin the grains up and align them, provided that the dus
grains have some degree of helicity, i.e. they possess a wellngel
rotation axis but are irregular in shape. When a helical grain is $4
ject to an unpolarized and anisotropic radiation eld, it undegoes a
systematic torque such that its longer axis aligns perpendiculg to
the magnetic eld (see review by Lazarian 2007). This mechanmshas
gained signi cant observational support (e.g., Hildebrand et al1999),
and has superseded the Davis{Greenstein (1951) mechanism,ickih
Is based on the paramagnetic dissipation that is experienceg & ro-
tating grain. Paramagnetic materials contain unpaired elémns that
get oriented by the interstellar magnetic eld. The orientationof the
electron spins causes grain magnetization, which varies dsetvector
of magnetization rotates in the grain body coordinates. Thisauises
paramagnetic losses at the expense of the grain rotation eggr Thus
paramagnetic dissipation acts to decrease the componenttbé grain
rotational velocity perpendicular to the local magnetic et, eventually
causing the grains to rotate with velocity parallel to the eldlines, pro-
vided that the Davis{Greenstein relaxation time is much shoer than
the time of randomization through chaotic gaseous bombardmie In
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practice, this condition is di cult to satisfy for typical ISM grains (of
size 0:1 m), and paramagnetic alignment becomes ine cient.

For regions that are shielded from the interstellar radiation eld,
Lazarian and Cho nd that the e ciency of radiative torques increases
rapidly with grain size. Because submillimeter emission is relagly
more sensitive to large grains (emission is proportional to gravol-
ume) while optical/NIR extinction is relatively more sensitive b small
grains (extinction is proportional to grain cross-section)one sees that
the long-wavelength technique is more sensitive to the grairopula-
tion that is better aligned. Grains that are near the upper end othe
size distribution can become aligned even for cloud optical dép as
high asA, 10mag (Whittet et al. 2008). Because clouds are likely to
be inhomogeneous and thus partially permeable to outside radian,
the results of Cho & Lazarian (2005) can also explain the observed
grain alignment for clouds withA, . 30mag (Crutcher et al. 2004).

Finally, we also mention for completeness that a di erent mani-
festation of the magnetic eld can be directly observed by naams of
a comparison of the spectra of molecular ions with those of neuitra
molecules (Li & Houde 2008).

1.2.3 Mapping the large-scale magnetic elds in star-forming alds
with BLAST-Pol

1.2.3.1 Structure lifetimes

Despite the recent advances discussed in the previous seatdicfunda-
mental questions regarding molecular cloud structure are dtibpen.
We have mentioned that GMC lifetimes have been a subject of long
debate; in fact, the problem extends also to cloud sub-struates.
Some authors argue that molecular clouds, as well as cores,nubs,
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and laments inside the clouds, are dynamical structures, witHife-
times approximately equal to their turbulent crossing timeg\azquez-
Semadeni et al. 2006; and references therein). This relatiekcent
point of view is opposed by those who favor longer lifetimes, of the
order of several crossing times, which has recently gained soobser-
vational support (e.g., Goldsmith & Li 2005, Netter eld et al. 2009
the latter nd core lifetimes of 4 Myr, whereas typical core dynam-
ical times are of the order of 0.1{0.3 Myr). If clouds and cloud $u
structures do live longer than a crossing time, they may be supyed
against gravity by large-scale magnetic elds (e.g., Basu 2000

However, the 1980's view of star formation, in which magneticll
supported cores were presumed to live for about ten dynamicairtes
(e.g., Shu et al. 1987) is not well supported by all current obseations
(see review by Mac Low & Klessen 2004). Nevertheless, a version
of this theoretical picture can be salvaged by invoking a fast rate of
ambipolar di usion, thereby shortening core lifetimes (Basu@00). In-
deed, very high angular resolution submillimeter polarimetry dained
using the Submillimeter Array (SMA; Ho et al. 2004) interferometer
on Mauna Kea has revealed hourglass-shaped eld lines (Giranta.
2006; see also the complementary observations by Attard et 2009,
obtained with the Submillimeter High Angular Resolution Polarimeter
[SHARP; Li et al. 2008]), a key prediction of magnetically-regulate
models (Galli & Shu 1993a,b, Allen et al. 2003).

A combination of the polarimetric observations from BLAST-Pol
and SCUBA-2 will allow us to trace magnetic structures in the cold
ISM from scales of 0.01 pc out to 5pc, and hence investigate thées
of ambipolar di usion by searching for an increase in the masg-tux
ratio from envelope to core.
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1.2.3.2 Core morphology

Another prediction of models invoking magnetic support for theores
Is the predominance of oblate cores in molecular clouds, which seem
to be endorsed by observations (e.g., Jones & Basu 2002). Irddmbn,
such models also require that the core be embedded in a largelsca
cloud eld running parallel to the core minor axis. Submm polame-
try of quiescent cloud cores by Ward-Thompson et al. (2000), Kdr
et al. (2006), and Ward-Thompson et al. (2009) shows signi cant -0
sets between core minor axes and core elds 80 3), conrming
that turbulence and magnetic elds play roughly equal rolesn the
dynamics of molecular clouds. From a theoretical point of view, wlei
Basu (2000) predicts such large o sets for triaxial cores, nenof the
current models can explain how a triaxial core would collapse iée
presence of a magnetic eld.

BLAST-Pol and SCUBA-2 will probe the linkages between core and
cloud elds predicted by the magnetically-regulated modelsSuch tests
will complement the smaller-scale ones carried out at SMA and ALMA.
These observations will address the formation mechanism foretltores
themselves: are they just density peaks in a turbulent mediumy are
they formed in a more quiescent, magnetically-controlled maen?

1.2.3.3 Magnetic eld strength

In order to assess what are the relative contributions of magtic elds
and turbulent motions to the total energy budget of molecular cuds,
we need to quantify the magnetic ux density in GMCs and cores.
As previously mentioned, the eld strength can be estimatedyomea-
suring a speci ¢ observable via the Chandrasekhar-Fermi (CF9%3)
technique, the degree of order of cloud-scale magnetic sjdhe mean



1. Introduction 23

plane-of-sky magnetic eld strength,jB o4, can be written as:

r
. . 4 v
JBpoéz T turb;

(1.1)

where is the density of the diuse ISM, is the mean dispersion
in the measured dust emission polarization angles, ang,, IS rms
velocity of the gas turbulent motion. This method has been empyed
by many authors in the literature (see e.g., Crutcher et al. 2004, Girt
et al. 2006, Novak et al. 2009); indeed, submillimeter CF estimates
have been obtained for molecular cloud cores, and the resulte an
rough agreement with values given by Zeeman observations (Crhoér
2004). Novak et al. (2009) used SPARO data to obtain eld strengt
estimates for large-scale GMC elds, but were hampered by stha
survey size (four clouds) and poor spatial resolution {4

Numerical MHD turbulence simulations have been used to con-
rm the reliability of molecular cloud CF estimates (Ostriker et al
2001, Padoan et al. 2001, Pelkonen et al. 2007, Falceta-Gone et al.
2008). These simulations indicate that clouds having magnetields
that are strong enough to play an important role in supporting hem
against gravitational collapse tend to have aligned polarizatipangles,
whereas clouds with weaker elds show more randomly oriented o
larization angles. In particular, Figure 1.1 (from Ostriker etal. 2001)
shows the result of 3D MHD simulations of turbulent, self-gravating
molecular clouds, one with strong magnetic eld (14G>), the other
with a weak eld (1.4 G); the former has a dispersion of only 9
in the distribution of polarization angles, while the latter has 45
(for a magnetic eld that is parallel to the plane of the sky).

Observations of large-scale molecular cloud elds with BLAST-Pol

5 Throughout this thesis we make use of the gauss [G] as a (norBSunit of magnetic ux density,
expressed as 1G =10*kgC 's 1 =10 “tesla [T].
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— P=0.1 — P=0.1

(a) Strong magnetic eld (14 G) case. (b) Weak magnetic eld (1.4 G) case.

Fig. 1.1 Column density and simulated polarization map, priected along a direction
perpendicular to the mean magnetic eld. The fractional pa@rization at each point
is proportional to the value of a ducial polarization P corresponding to a uniform
medium and uniform magnetic eld perpendicular to the line bsight, arbitrarily set

here toP = 0:1 as shown in the key. (from Ostriker et al. 2001).

will allow us to conclusively rule out one of these models.

1.2.4 The FIR/submm polarization spectrum

We have discussed in the previous section how the dispersionthe
polarization angle is an indicator of magnetic eld strength. Aother
fundamental observable is the polarization amplitude and its gen-
dence on the wavelength (usually referred to as \polarizatiospec-
trum'); here we briey discuss some observational resultsnal how
additional and improved measurements of the polarization spgum
at submm wavelengths may help constrain cloud and dust modes
well as grain alignment theories.

At visible wavelengths, much has been inferred about the phys
cal properties of dust grains from spectropolarimetry (Whtet et al.
2001, 2008): in particular, large grains (radi& 0.1 m) are more e -
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cient polarizers than small grains (radii. 0.01 m), which are appar-
ently minimally aligned; amorphous silicate grains are better aligie
than carbonaceous grains (including polycyclic aromatic hydcarbons
[PAHS]); and the shape of aligned grains is more that of an oblate
(disc-like) rather than prolate (needle-like) spheroid, withts short
axis aligned with the magnetic eld (see also Draine 2003, Draing
Fraisse 2009).

Observations at FIR and submm{mm wavelengths have found tha
in the densest cores of molecular clouds the polarization spexotr in-
creases with wavelength (in the range 100m{1 mm; Schleuning 1998,
Coppin et al. 2000). This rise is consistent with an opacity e ectas
the opacity increases towards shorter wavelengths the emitkgolar-
ization must decrease, approaching zero as the emission beesmopti-
cally thick (Vaillancourt 2009). In cloud envelopes, where the ession
is typically optically thin, the spectrum falls with wavelength below
350 m, but rises at longer wavelengths (Hildebrand et al. 2000, Vail-
lancourt 2002, Vaillancourt et al. 2008).

The submm rise can be explained by a model in which the colder
grains are better aligned than the warmer grains. Bethell et a{2007)
have shown that this can be achieved by applying the radiativ®rque
model of grain alignment (Lazarian 2007) to starless clouds. their
model the cloud structure is clumpy, such that external photas can
penetrate deep into the cloud. These photons heat all grains, tbilne
larger grains tend to be cooler as they are more e cient emittersAt
the same time, the alignment mechanism is more e cient at aligning
the larger grains (Cho & Lazarian 2005). Therefore, their modglre-
dicts that the cooler grains are better aligned and that the polazation
spectrum rises with wavelength. Similarly, Draine & Fraisse (09)
reproduce the submm rise, under the assumption that carboceous
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grains are not aligned. Their explanation is that the silicate gram
contribute an increasing fraction of the emission as the wavalgth in-

creases, in part because the silicate grains are slightly coolban the

carbonaceous grains (. 200 m), and in part because the ratio of
the silicate opacity to the graphite opacity increases with inceesing
wavelength for & 100 m.

Nevertheless, to our knowledge the FIR fall and the submm rise
have yet to be connected by a theoretical dust model. Hildebrand
et al. (1999) and Vaillancourt et al. (2008) claim that the observed
behavior is not consistent with a simple isothermal dust modelub
requires multiple grain populations, where each populatiGmpolariza-
tion e ciency is correlated with either the dust temperature a spec-
tral index. While Bethell et al. (2007) work under the assumptio
of starless clouds, in real molecular clouds there exist embeddsars
that provide an additional source of photons, which will both hat and
align dust grains. One can expect that grains closer to theseass will
be warmer and better aligned than grains that are either furthefrom
stars or shielded from photons in optically thick clumps. This atu-
rally produces grain populations in which the warmer grains areetter
aligned (Hildebrand et al. 1999). The result is a polarization speetm
that falls with wavelength. The observed polarization spectrunwith a
minimum between 100 and 850m can in fact be modeled by incorpo-
rating embedded stars into the models of starless cores (Vaillanst
2009, Hildebrand & Vaillancourt 2009).

BLAST-Pol will measure polarization spectra at 250, 350, and 500n
(bracketing the minimum) for a number of cloud envelopes, andill
map its spatial variations. By testing the simulations againstsuch
observational data sets, we will help improve the models, leadiralso
to a greater reliability of the CF eld strength estimates.
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Table 1.1. BLAST-Pol 2010 targets

Name Area de¢ Integration time [hr]
Lupus | 0.69 55
Lupus IV 0.17 15
Vela Molecular Ridgé (\AxeHead") 1.4 50
Vela Molecular Ridgé (\SpearHead") 0.14 5
Carina Nebula 0.2 3
GMCs in Carina 1.0 13
IRDC G321.934-0.052 0.5 5
Centaurus A 0.07 2.5
SPARCP calibrators 0.2 5
NANTEN € selected region 0.32 23

Note. | Targets observed by BLAST-Pol during the 2010 Antarctic ight,
with approximate extent of area mapped and integration time  Netter eld
et al. (2009);°Li et al. (2006) ; ¢ Takeuchi et al. (2010a).

1.2.5 Overview of the BLAST-Pol observations

With the addition of a polarimeter, BLAST has now been transfaned
into BLAST-Pol (see Chapter 4), a uniquely sensitive instrument fo
probing linearly polarized Galactic dust emission. In January 24,
BLAST-Pol completed its rst successful 9.5-day ight over Antarc-
tica; in Figure 1.2, we show the GPS trace of the path cruised by ¢h
1:1 1P m?3 helium balloon, which BLAST-Pol was suspended from.
Ten science targets, comprising lamentary dark clouds as Weas
massive GMCs, were mapped with unprecedented combined magpin
speed and resolution; the data are currently being analyze#igure 1.3
depicts the regions of the sky observed by BLAST-Pol in the Sowtn
Hemisphere; the complete list of targets is given in Table 1.1.
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180°

2011 Jan 05 21:16:06 | BLAST_Antarctica_2010-2011

Fig. 1.2 GPS path for the BLAST-Pol science ight. BLAST-Pol we launched
on December 27th 2010, and ew over the Antarctic continent,ahding after 9.5
days. The coordinates of landing were: latitude 828.67 S; longitude 17818.28 W;
altitude: 4 m. Image credits: Columbia Scienti ¢ Balloon Faility.

1.3 Thesis Overview

This thesis presents a multi-wavelength study of the primargextra-
galactic dataset from the Balloon-borne Large Aperture Submillimet
Telescope, as well as the design, manufacture and charaation of
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BLAST-Pol 2010
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Fig. 1.3 Areas of the sky observed by BLAST-Pol during the 2010ight. Scans
are superimposed onto a combinedRAS/DIRBE map of the 100 m dust emission
(from Schlegel et al. 1998). A few targets are missing fromigh gure; a complete
list is given in Table 1.1. Image credits: Matthew Truch, Trstan Matthews, LM.

astronomical instrumentation for the polarimetric upgrade othe same
experiment, BLAST-Pol. BLAST has conducted large-area submm
surveys that have helped constrain the star formation histyg of the
high-redshift Universe. BLAST has also probed the earliest stag of
star formation within our own Galaxy; the addition of a polarimeer
will further this goal by measuring the strength and morpholog of
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magnetic elds in nearby star-forming regions. The study of thee two
diverse, yet highly connected, topics is the main scienti c motation
for this thesis.

In this chapter, we have introduced the reader to submm Galacti
and extragalactic astronomy, highlighting the state-of-tle-art theoret-
ical models and observational ndings, pinpointing the quesins and
problems that are still open, and de ning the role that BLAST and
BLAST-Pol, respectively, has played and will play in advancing our
current understanding of the cosmic and Galactic star-formain pro-
cesses, through observations that uniquely combine elevateapping
speed, sensitivity and resolution.

Chapter 2 (Part One) describes a multi-wavelength study of #ex-
tragalactic sources detected by BLAST in its survey of the Exteted
Chandra Deep-Field South (ECDFS), using data spanning the raali
to the UV. We develop a Monte Carlo method to account for ux
boosting, source blending, and correlations among bands, iah we
use to derive deboosted FIR luminosities for our sample. We esate
total (obscured plus unobscured) star-formation rates fahe BLAST
counterparts by combining their FIR and UV luminosities. We cap
talize on the multi-wavelength data at our disposal to derivea broad
morphological classi cation of our galaxies, their AGN fradgbn and
stellar masses. We use the combined estimates of SFRs andlatel
masses to compare our sample to those selected with other submm
facilities such as SCUBA andHerschel Finally, we contextualize our
results in the current framework of galaxy formation and evolubn.

Chapter 3 (Part One) presents a challenging measurement of the
star-formation level in massive, high-redshift galaxies seted in the
optical with the NICMOS camera onHST. Because the emission from
each galaxy is too faint to be individually detected in the BLAST
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maps, we use a technique that goes under the name of \stackiagal-
ysis" (extensively described in Appendix A of this thesis) to ¢snate
the average brightness of our externally-selected populati of galax-
iles at the BLAST frequencies. Subsequently, the galaxies arevided
into two groups, disk-like and spheroid-like, according to thesurface
brightness pro le, and separate measurements of SFR are foemed.
We show that star formation is a plausible mechanism for sizev@
lution in this population as a whole, but nd only marginal evidence
that it is what drives the expansion of the spheroid-like galaxies

Chapter 4 (Part Two) describes the BLAST-Pol instrument. We
focus on the important subsystems of the gondola, including ¢hop-
tics, cryogenic system, bolometric detectors, polarizatiesensitive el-
ements, readout electronics, pointing sensors and control\e also
provide the nominal sensitivities for BLAST-Pol, and describe he
scanning strategy adopted to optimally recover the Stoke3 and U in
the sky. The second part of the chapter is devoted speci cally tthe
primary pointing sensors for BLAST-Pol, two redundant optical &r
cameras. The principles of operation, design, control solive, and
preliminary in- ight performance are presented.

Chapter 5 (Part Two) illustrates in full detail the theoretical frame-
work, principles of operation and manufacturing processtfthe optical
components of the BLAST-Pol polarimeter, an achromatic cryogec
half-wave plate (HWP) and photolithographed polarizing gridsacting
as analyzers, as well as their pre- ight performance. We idafit and
measure the parameters that characterize the optical proges and
e ciency of these polarizing elements. In particular, we pdorm a full
spectral characterization, both at room and cryogenic tengratures,
of the ve-plate sapphire HWP, which is, to our knowledge, the mas
achromatic ever built at mm and submm wavelengths.
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Chapter 6 (Part Two) focuses on the most important aspect of the
BLAST-Pol data analysis pipeline that is used to transform raw detc-
tor time streams into usable sky maps of Stokes parametdr Q; U |:
the map-maker. We develop the mathematical formalism of map-
making, and describe the algorithmic implementation of a naivbin-
ning technique for the case of BLAST-Pol. As a proof of concept, we
present a sample of preliminary polarization maps, which resudis the
culmination of the whole data analysis process and demonstrattee
overall success of the mission.

Chapter 7 concludes the thesis with an outlook on future work.

1.3.1 LM's contribution to the BLAST and BLAST-Pol projects

LM joined the BLAST team at the beginning of 2008. Here we brie 'y
summarize the main contributions brought by LM to the BLAST and
BLAST-Pol projects.

The very rst task has been the design, optimization and imple-
mentation of a whitening lIter for the BLAST extragalactic maps of
the ECDFS, which is not explicitly reported in this thesis. The raw
maps present large-scale noise that hampers the detectionrafividual
point sources. It is common habit to apply to the maps a whitening
Iter in order to suppress such large-scale structure, which inup case
Is primarily noise. The bi-dimensional Fourier transform of te maps
is thus ltered on spatial scales larger than the size of the BLAST
array projected onto the sky (roughly 14' 7'). The ltered BLAST
maps reveal the presence of hundreds of5 submm galaxies, the
largest sample in the praderschelera (Devlin et al. 2009).

The second important task within the context of the analysis of
the BLAST extragalactic dataset has been developing the algthrm
and perfecting the technicalities of the stacking methodaly (see Ap-
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pendix A), as well as optimizing and implementing a large numberf o
simulations to evaluate stacking as an unbiased technique éstimate
the average brightness of an externally-selected populatiof galaxies
at submm wavelengths. Stacking analyses have enabled thats-
tical resolution of the full CIB intensity into ux density prod uced
by identi able 24 m-selected galaxies (Marsden et al. 2009), and the
measurement of the history of obscured star formation in the Urerse
(Pascale et al. 2009), as well as the results presented in Chapger

In November 2008, LM carried out follow-up observations of the
BLAST galaxies with AAOmega, the spectrograph on the Anglo-Austian
telescope. LM has been heavily involved in the subsequent datave-
tion, which resulted in spectroscopic redshifts for about twhundred
BLAST sources. The BLAST redshift survey has enabled the rst di
rect measurement of the luminosity function at 250, 350, and 60m
(Eales et al. 2009), as well as the results presented in Chapter 2

These contributions to the BLAST data analysis have granted LM
co-authorship in most of the BLAST extragalactic scienti ¢ prauction
(including a paper on theNature journal; seePublished WorK, albeit
he is not part of the BLAST core team.

On the instrumentation front, LM has been part of the BLAST-Pol
team since the very beginning in 2008.

The rst task has been to manufacture, test, and fully characteze
the BLAST-Pol cryogenic HWP, the most achromatic ever built to
date. In the same context, LM has participated in the tests andpec-
tral measurements of a novel arti cial dielectric metamataal (Zhang
et al. 2009), which has found its rst successful application asna-
re ection coating for the BLAST-Pol HWP. In addition, the BLAST-
Pol photolithographed analyzers, have been designed, maaciured
and extensively tested in Cardi; LM has been directly involved n
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every step of their deployment.

The second important task has been the hardware/software opti
mization, testing and deployment of two optical star cameraswvhich
constitute BLAST-Pol's primary pointing sensors. The star cam-
eras have performed successfully during BLAST-Pol's rst ight ger
Antarctica in December 2010. LM is also in charge of the post- ight
pointing reconstruction; preliminary analysis suggests thathie abso-
lute pointing accuracy will equal that of BLAST06 ( 3°°rms).

The third major task has been the design, optimization and imple
mentation of the BLAST-Pol polarized map-maker. A big challenge
has been to nalize this fundamental piece of software befothe de-
ployment to Antarctica for the ight campaign. LM has been usimg
the map-maker during the rst two days of the BLAST-Pol ight to
produce\on-the- y"maps of the bright calibrators to assesshe overall
performance of the telescope.

LM has participated in the two BLAST-Pol integration campaign,
at the University of Toronto in April 2010 and at the Columbia Scia-
ti c Balloon Facility, Palestine, Texas, USA, in June and July 2010.
Finally, LM has partaken in the BLAST-Pol ight campaign at the
Long Duration Balloon (LDB) facility near McMurdo Station, Antar c-
tica, from November 2010 to January 2011.

1.3.2 Other work

During the three years at Cardi University, LM has gained valualte
laboratory experience in several occasions beyond the PhD jad.
Most notably, LM has participated in tests of the SCUBA-2 arrays
(both electronics modules and science grade) in the Cardi tested
cryostat, which earned LM co-authorship in Bintley et al. (2010).
LM has also participated in the anechoic-chamber measuremeruf
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the beam patterns of the multi-modePlanck High Frequency Instru-
ment (HFI) horns at 857 and 545 GHz.

In addition, LM has participated in the spectral measuremerst of
a novel prototype of polypropylene-embedded metal-mesh laaband
achromatic HWP for millimeter wavelengths, which earned LM co-
authorship in Zhang et al. (2011).

The design and manufacture of the HWP for the PILOT experiment
(with similar photometric bands to BLAST-Pol; Bernard et al. 2007)
has gone hand in hand with that of BLAST-Pol; LM has participated
in its fabrication, spectral characterization and cryogenitesting.

Finally, LM has participated in the software deployment and pdor-
mance characterization of one star camera for the E and B Exjment
(EBEX; Reichborn-Kjennerud et al. 2010).
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2. A MULTI-WAVELENGTH STUDY OF BLAST
COUNTERPARTS

2.1 Introduction

The physical processes associated with the evolution of the Unise
have left an imprint in the extragalactic background light. The far
infrared (FIR) portion of the background is associated with faning
galaxies in which the ultraviolet (UV) photons emitted by newborn
stars are absorbed and re-radiated by dust in the IR. Roughly Ha
of the energy content of the starlight integrated over the age dhe
Universe is stored in the Cosmic Infrared Background (CIB), glowing
with a broad peak at around 200 m (Puget et al. 1996, Fixsen et al.
1998, Hauser et al. 1998, Dwek et al. 1998). The tight connection
between star formation and FIR luminosity provides a route to nder-
standing the history of star formation in the Universe, by meas of
studying the CIB at wavelengths close to its peak (Gispert et aR000,
Rowan-Robinson 2001, Chary & Elbaz 2001, Hauser & Dwek 2001).
The rst leg on this route is to identify the sources contributing
to the CIB. Ground-based surveys with the Submillimetre Common-
User Bolometer Array (SCUBA; Holland et al. 1999) have revealed
the existence of a population of distant, highly dust-obscad galaxies,
similar to the Ultra Luminous Infrared Galaxies (ULIRGS) detected ly
IRAS (Smail et al. 1997, Hughes et al. 1998, Barger et al. 1998), which
make up all the background at 850m (Blain et al. 1999a). However,
at these wavelengths the energy in the CIB is only one-thirtiethfdhe
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value at its peak, and the SCUBA population only contributes 20{3%
to the CIB at its peak (Coppin et al. 2006, Dye et al. 2007).

Recent progress has been made through new observations oled
at 24, 70, and 160 m by the MIPS instrument aboard the Spitzer
Space TelescopéRieke et al. 2004), and at 250, 350, and 500 by
the Balloon-borne Large Aperture Submillimeter Telescope (BLAST;
Devlin et al. 2004, Pascale et al. 2008), a forerunner of the SPIRE
photometer (Grin et al. 2010) on the Herschel Space Observatory
(Pilbratt et al. 2010). These wavelengths bracket the CIB peak;es-
eral authors have shown through stacking analyses that 2m-selected
galaxies resolve the CIB background, both on the short-wavelgth
side of the peak (Dole et al. 2006) and on its long-wavelength sid
(Devlin et al. 2009, Marsden et al. 2009).

Sources identi ed at 24 m are mostly unresolved in the FIR, and
have a redshift distribution with a median of 0.9 (Pascale et al. 29).
A detailed multi-wavelength study of these sources is the nessary
next step. Starting from a catalog of 5 BLAST sources, Dye et al.
(2009; hereafter D09) identify counterparts in 24m and radio cata-
logs (BLAST IDs). These tend to be relatively nearby sources (rd&an
z of 0.6, interquartile range of 0.2{1.0), with a median dust tempera
ture of 26 K and a median bolometric FIR luminosity of 4 10'L
which contribute 20% to the CIB at 250 m. Identi ed BLAST sources
typically lie at lower redshifts and have lower rest-frame dust tapera-
tures compared to submillimeter (submm) sources detected in semns
conducted with SCUBA (Chapman et al. 2005, Pope et al. 2005).
However, D09 also note that the 40% of BLAST sources without
identi ed counterparts probably lie at higher redshifts on aveage. Fi-
nally, DO9 illustrate how the apparent increase in dust temperatar
and FIR luminosity with redshift occurs as a result of selection ects.
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We also note that three other multi-wavelength studies of fater
BLAST sources discovered in the deepest part of the map have hee
undertaken. Dunlop et al. (2010) concentrate on 250n radio-identi ed
sources within Great Observatory Origins Deep Survey-SoutlbQOODS-
S; Dickinson et al. 2003; see Section 2.2.1) where the deepest an-
cillary data coincide. Chapin et al. (2011) use overlapping BLAST
250{500 m and LABOCA 870 m (Wei et al. 2009) data in the
larger Extended Chandra Deep-Field South (ECDFS) to constrairhe
Rayleigh{Jeans tail more accurately than is possible in D09. ifally,
lvison et al. (2010a) study the FIR/radio correlation for a c#éalog of
BLAST 250 m-selected galaxies in the ECDFS; this sample is deeper
than the D09 one, and yet slightly shallower than the selection in uh-
lop et al. (2010). There is little overlap between the sources used |
these studies and the shallower/wider area sample from D09.

The basis of our present study is the D09 sample as its brighter,
and lower-redshift objects are most easily followed-up in the dpal
and UV. However, we rst extend the submm analysis of D09 by ac-
counting for ux boosting, source blending, and correlatios among
BLAST bands that inevitably arise in IR surveys as a consequence
of nite instrumental angular resolution and source confusin (Cop-
pin et al. 2005). We then identify counterparts to the BLAST IDs
in the near- and far-UV Galaxy Evolution Explorer (GALEX) maps,
in order to quantify the total dust-obscured and unobscuredtar for-
mation, as described by several authors (Bell 2003, Hirashita al.
2003, Iglesias-Paramo et al. 2006, Buat et al. 2007). We also ertl
the analysis of Eales et al. (2009; hereafter E09) to combineesgro-
scopic data of BLAST IDs with optical, near-IR (NIR) and mid-IR
(MIR) photometry in order to place rmer constraints on soure red-
shifts, morphology, active galactic nucleus (AGN) fraction, ad stellar
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masses.

We are able to assign spectroscopic and photometric redshifo

62% of the BLAST IDs. We use this information to estimate the
rest-frame total FIR luminosity from the combined BLAST and MIPS
photometry. We compare our FIR luminosities with those obtaing
from MIPS photometry only, nding a signi cant discrepancy for high
luminosity sources Lpr & 5 10*L ) at z & 0:5. The BLAST and
SPIRE wavebands are therefore fundamental in constrainingpe peak
of hidden star formation at high redshift (see also e.g., Sclauét al.
2010, Elbaz et al. 2010).

In addition, UV counterparts are found for about 60% of the BLAS
IDs. This allows us to estimate the fraction of UV photons that man-
age to escape the dust shroud, which is then combined with FIR dat
to build an estimator of the total star-formation rate (SFR,:) ongo-
ing in these sources. Recent observations at the same wavetbag
(Rodighiero et al. 2010) delineate the UV contribution as margal
at all redshifts. We nd that star formation is heavily obscuredat
Lrr & 10ML |, z & 0:5, but unobscured starlight plays an im-
portant role in low-redshift, low FIR luminosity sources ¢ . 0:25,
Lrr . 10'L ), in agreement with Buat et al. (2010).

We reanalyze the optical spectroscopy data from the AAOmega
survey presented in EO9 to obtain H equivalent widths (EWs) and
[N n}/H line ratios. This spectral analysis, combined with a qual-
itative study of the radio, MIR, and optical emission, allows us to
assess whether or not a BLAST galaxy is hosting an active nucleus:
roughly 20% of the objects in our sample show evidence of AGNegr
ence. Recent observations of FIR-selected samples (Wiebale2009,
Coppin et al. 2010, Muzzin et al. 2010, Hatziminaoglou et al. 2010,
Shao et al. 2010, Elbaz et al. 2010) show that the submm emission
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of such objects is mainly due to star formation ongoing in the hbs
galaxy, rather than due to the AGN. Therefore, we do not to ex-
plicitly exclude AGNs from our analysis, unlike other authors (Bll
2003, Iglesias-Raramo et al. 2006, Buat et al. 2007), but ratheag
them as such. Visual examination of BLAST IDs in UV, optical, and
MIR images (see Appendix B) is used to derive a broad morphologica
classi cation of these objects: at low redshift we nd predonmantly
spirals, whereas most of the BLAST sources identi ed at high rethift
are compact and show AGN signatures. This is probably a selection
bias, as the fraction of submm sources identi ed at other wavahgths
gradually decreases witlz (see D09), and the farthest objects can of-
ten be identi ed only if they are particularly bright in the radio or
in the optical, frequently an indication of AGN presence. As a nta
ter of fact, the analysis carried out by Dunlop et al. (2010) shes
that a deep survey at 250 m not only contains lowz spirals, but also
extreme dust-enshrouded starburst galaxies & 2. Our analysis
tends to miss the latter because they are typically extremely ifat in
the optical/UV, unless they also host an AGN.

Finally, stellar masses ,) are estimated using the method de-
tailed in Dye (2008), in order to study whether or not specic star
formation rates (SSFR SFR/M») depend on stellar mass antlgr.
The SSFR plays an important role as it measures the timescale of
recent star formation in a galaxy, as compared to the star-foration
rate integrated over the galaxy's history. Several studies &&tini et al.
2009, Rodighiero et al. 2010; and references therein) repthnat the
SSFR increases with redshift at all masses, whereas the deperden
of SSFR on mass is one of the most debated questions. In particu
lar, we aim to understand whether or not sources selected at wave-
lengths longward of 200 m are experiencing a major episode of star
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formation, forming stars more actively than in their recent pat and
building up a substantial fraction of their nal stellar mass. We high-
light a dichotomy in the BLAST population: sources atz. 1 appear
to be run-of-the-mill star-forming galaxies with intermediate stllar
masses (mediaM, 7 10'°M ) and approximately constant SS-
FRs, whereas the higle tail of the BLAST counterparts signi cantly
encroaches on the SCUBA population detected in the SHADES survey
(Dye et al. 2008), in terms of both stellar masses and SSFRs. Thss i
expected since there is good overlap between fainter BLAST soes
and 870 m-selected galaxies (Dunlop et al. 2010, Chapin et al. 2011),
but it is also important to establish an additional link with a shallowe
BLAST sample, using a methodology equivalent to that of SHADES.
In addition, since the more massive BLAST galaxies at intermeatie
redshifts (0< z < 1) seem to form stars more vividly than the equally
massive and aged 24m sources detected in the GOODS survey, we
suggest that the BLAST counterparts may act as linking populatn
between the 24 m-selected sources and the SCUBA starbursts.

The layout of this chapter is as follows. In Section 2.2, we describe
in detail the maps, images, and catalogs used throughout thisovk.
Sections 2.3 and 2.4 are concerned with luminosities and SFRs in the
FIR and UV, respectively. In Section 2.5, we build a uni ed estimair
of total star formation and discuss the rst results. In Seabn 2.6,
we estimate the AGN content of our sample, while in Section 2.7 we
outline a broad morphological scheme for our sources. In Secti2.8,
we compute the stellar masses and present the main results. t8et
2.9 contains our conclusions. Throughout this thesis, we adofe
concordance at CDM cosmological model, with y =0:274 =
0:726, andHg = 70:5kms *Mpc ! (Hinshaw et al. 2009).
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2.2 Data

This section describes the data sets used for our analysis, 13piag
from the UV to the submillimeter.

2.2.1 Submillimeter data

We use data from the wide-area extragalactic survey of BLAST de
scribed by Devlin et al. (2009), and centered on the GOODS-S ([Bic
inson et al. 2003; which in turn is centered on the Chandra Deep-Field
South, CDFS) region. The mapscover an area of 8.7 dégwith a 1
depth of 36, 31, and 20 mJy at 250, 350, and 506n, respectively. We
refer to this region as the BLAST GOODS-S Wide (BGS-Wide). A
smaller region of 0.8 deg nested inside BGS-Wide and referred to as
BLAST GOODS-S Deep (BGS-Deep), has a 1depth of 11, 9, and
6mJy at 250, 350, and 500m, respectively; these depths account
for the instrumental noise only. Due to large instrumental beam
(36, 42, and 66y and steep source counts (approximately following
dN=dS/ S 3; Patanchon et al. 2009), source confusion contributes
substantially to the noise in these maps. Marsden et al. (2009)tees
mate that uctuations arising from unresolved sources in BG®eep
are confusion 21, 17, and 15mJy at 250, 350, and 500n, respec-
tively. The BLAST maps are made using both an optimal mapmaker
(Patanchon et al. 2008) and a naive mapmaker (Pascale et al. 2p11
and are found to be in excellent quantitative agreement. Furdér de-
tails on the instrument may be found in Pascale et al. (2008), while
ight performance and calibration are provided in Truch et al. 009).
Catalogs of sources detected at each wavelength in BGS-Deem an
BGS-Wide are presented by Devlin et al. (2009).

1 Available at: http://blastexperiment.info/results.php
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D09 combine these single-wavelength catalogs by selectingrses
witha 5 (instrumental only, no confusion noise) signi cance in at
least one of the bands. They use this multi-band catalog to ideht
counterparts (BLAST primary IDs) in deep radio (ACTA and Very
Large Array, VLA, Norris et al. 2006, Miller et al. 2008) and 24 m
(SWIRE and FIDEL; Lonsdale et al. 2004, Dickinson & FIDEL team
2007, Magnelli et al. 2009) surveys. The BLAST primary IDs all have

5% probability of being a chance alignment. They also compile a
list of secondary IDs, with di erent counterparts associated wih the
same BLAST source as the primary ID, but with larger probability of
being a chance alignment.

In this work, we present an extended version of the D09 cat@o
of the BLAST primary IDs which contains 227 BLAST sources. In
the following sections, we update this list to include UV data, rece
redshifts, corrections for submm ux boosting and blendingmorphol-
ogy, AGN features, and SFRs (see Appendix C for data tables). €h
list of secondary IDs is extensively discussed in E09, and we dad no
investigate them further.

We emphasize again that the sample studied in this work comprise
the subset of BLAST-selected bright sources for which opticapsc-
troscopy/photometry is available, and/or for which we nd a clea
counterpart in the UV. Naturally, this is only a fraction of sources
that would be in a purely BLAST-selected catalog, skewed toward
lower redshifts and strong optical/UV uxes.

2.2.2 Optical spectroscopy

A spectroscopic follow-up of the BLAST IDs is carried out with the
AAOmega optical spectrograph at the Anglo-Australian Telescap
The BLAST spectroscopic redshift survey is discussed in EQ9, asliv
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as the reduction of the spectral data; here we extend their alysis
and results (see Sections 2.6, 2.7 and Tables 2.2, C1).

AAOmega (AAO; Sharp et al. 2006) consists of 392°%vide bers
feeding light from targets within a 2 eld of view; the con guration of
di raction gratings is chosen to yield a wavelength coverageom 370
to 880 nm, with spectral resolution= ' 1300. At redshifts lower
than 1, this allows us to detect two or more of the following lines: [@]
372.7, calcium H and K, H, [O ] 495.9 and 500.7, H, [N 11] 658.3,
and [S11] 671.6 and 673.1. At redshifts greater than 1, we only rely on
broad emission lines, such as Lyman, Siiv 140.3, Cui] 190.9, and
Civ 154.9.

We have produced two prioritized lists of targets. The rst list
comprises 3.5 BLAST sources with primary radio or 24 m coun-
terparts®. Sources selected at 24m are also included in the target list
to use all the available bers. The second list contains the seconga
BLAST IDs, plus 24 m sources. The positions of the primary and
secondary targets are shown in Figure 2.1.

The net observing time for the list of primary targets is 7 hr, obtan-
ing spectra for 669 sources (316 BLAST IDs and 356 SWIRE sourgces
The list of secondary targets is observed for only 1 hr (due to poor
weather), obtaining 335 spectra (77 BLAST IDs, and 258 SWIRE
sources). Spectroscopic redshifts are consequently obted by E09
for 212 BLAST IDs in the primary list, 193 of which have 75% con-
dence level (c.l.), and for 11 BLAST IDs in the secondary list (all wih

75% c.l.). Figure 2.2 shows three representative spectra of prima
BLAST counterparts, while Figure 2.3 (which we choose to display
full-page and rotated for visual clarity) compares the spemiscopic
redshifts of primary and secondary targets measured with AAOaga

2 If only the 24 m counterpart is present, we re ne the position of the sourceby matching it
with optical or IRAC 3.6 m coordinates.
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Fig. 2.1 Positions of the primary (yellow circles) and secdary (red circles) AAO
targets. The underlying map is the 250m BLAST map of the GOODS-South eld.
Also shown are the regions covered by ancillary radio and 2 catalogs (see Section
2.2.1).

with a mixture of photometric redshifts collected from the literdure.

It is important to clarify here that the two lists used for the AAO
observations are not fully coincident with the D09 list discusskein
the previous section and used in this work. However, a large olagr
among sources in these lists is present and 82 sources from the D09
catalog of BLAST IDs have AAO redshifts, all with 95% c.l. (see
Table C1).

Using the available spectra we estimate HEWs and [N11]/H line
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Fig. 2.2 Spectra of three representative primary BLAST coustparts, plotted in

the rest frame of each galaxy (black solid line); the spectiare uncalibrated in ux,

therefore they-axis is in arbitrary units. The other solid lines representhe error

spectrum (green), sky spectrum (yellow) and the telluric adorption spectrum (red).
The vertical dotted lines indicate the positions of the mairemission (cyan) and
absorption (green) features at the measured redshift. Alsth@vn are the strongest
of the night sky emission lines (dotted magenta lines)Top: spectrum of a star-
forming galaxy at z = 0:1256, with a zoom-in around the H, N 1l lines, and the
S 1l doublet. Bottom left: spectrum of an irregular galaxy atz = 0:3493. Bottom

right: spectrum of quasar atz = 3:404.

ratios for 56 of these 82 sources. The remaining 26 sources aitare
at too high redshift for the H line to fall in our spectral coverage
(z & 0:33), or have spectra with a poor signal-to-noise ratio.

We implement a bootstrapping technique for estimating the nee
surement error on the H EWSs: we add to every individual spectrum a



Fig. 2.3 Comparison between the spectroscopic redshifts mimary and secondary targets measured with AAOmega and a
mixture of photometric redshifts collected from the literéure. Of all the BLAST and SWIRE targets with a specz from AAQO:
191 have a photometriz from Rowan-Robinson et al. (2008; red lled circles); 39 fra Brammer et al. (2008), who apply a
new photoz algorithm namedEAZY to the FIREWORKS (Wuyts et al. 2008; blue lled squares, ve ®urces) and MUSYC
(Taylor et al. 2009; cyan crosses, 34 sources) catalogs; fsom MUSIC Grazian et al. (2006; green lled diamonds); and 32
sources have phota-from Wolf et al. (2004, 2008; black exs).
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realization of white noise, scaled to the 1 uncertainty of the spectrum
itself, and compute the EW again using this newly generated spec
trum. This is repeated 1000 times per spectrum, yielding a hisgram
of values for the EW. Provided that the histogram has Gaussiashape
(an example is given in Figure 2.4), we can safely use the value of
in the Gaussian t to the histogram as the estimated measureme
error on the EW. We calculate the nal uncertainties on the EW§ as
the quadrature sum of the measurement error, estimated withbave
bootstrapping technique, and the Poisson noise, estimatedllbwing
Vollmann & Eversberg (2006; Equation 7).

Fig. 2.4 Histogram of measured H equivalent widths for the source PKS 0326-288,
located at redshiftz = 0:109. The bootstrapping technique used to generate the
histogram is described in the text. The value of in the Gaussian t (red) to the
histogram is a good estimate of the measurement error.

We list the rest-frame EWs, EWs = EW =(1+ z), in Table C1, along
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with their uncertainties and the [N n}J/H line ratios. Note that we
apply a 1A correction to the H EW/|; for underlying stellar absorption
(Hopkins et al. 2003, Balogh et al. 2004).

2.2.3 UV data

We identify near-UV (NUV) and far-UV (FUV) counterparts to BLAST
IDs by searching forGALEX sources in the Deep Imaging Survey
(DIS; Martin et al. 2005; data release GR{4/5) within °of the ra-
dio or 24 m counterpart’, a separation just slightly larger than the
GALEX point-spread function (PSF) FWHM (Morrissey et al. 2007).
This choice is justied by the presence of a few extended objsct
unresolved by the submillimetric beam, that contribute to the sme
BLAST source (see Section 2.7). After visual inspection of the UV
images, we add one additional interacting system extending yad
6°°from the BLAST ID (#2); in this case we integrate the UV mag-
nitude from both the interacting objects, because they fall \ihin the
same BLAST beam. We estimate FUV and NUV magnitudes using
the standard GALEX pipeline (Morrissey et al. 2007) for most IDs,
whereas we perform aperture photometry on 13 extended objectA
magnitude is considered to be unreliable if the source is eithemtosed
or blended with a star.

We nd that 144 BLAST IDs have an NUV counterpart (136 with
reliable magnitude), and 113 have an FUV counterpart (107 wither
liable magnitude). Three sources are outside the area coveredthg
DIS, and the remaining 80 BLAST IDs have no obvious counterpart
By comparing the ux estimates for objects detected in more #@mn one
GALEX tile (pointing), we nd that the average uncertainty associ-

3 If both counterparts are present, we use the arithmetic mearbetween the two sets of coordi-
nates: [ sLast , BLAST |-



2. A multi-wavelength study of BLAST counterparts 51

ated with the reproducibility of the measurement is 0.06 and 0.11 rga
in NUV and FUV, respectively. For bright galaxies, these values are
larger than the uncertainty in the calibration (0.03 and 0.05 maan the
NUV and FUV, respectively; Morrissey et al. 2007), and in the source
extraction procedure ( 0.02mag). The uncertainty on a quoted UV
magnitude is therefore the sum in quadrature of these three tes,
and it lies inthe 1 range of 0.07{0.25 mag and 0.12{0.5mag in NUV
and FUV, respectively.

GALEX postage-stamp images,’2 2°wide, are used to study the
UV morphology of the BLAST IDs; a selectiofi of these is shown in
Figure B1. UV magnitudes and uncertainties are listed in Table C2.

2.2.4 SWIRE 70 and 160m MIPS maps

We use 70 and 160m uxes extracted from SWIRE maps (Lonsdale
et al. 2004) at positions [g.asT, BLAST] tO constrain the spectral en-
ergy distribution (SED) of each BLAST source at wavelengths sinter

than the emission peak (see Section 2.3.2). These maps overlapaat

completely with BGS-Wide, and all the 5 BLAST sources investi-
gated in this work lie within them. The 1 depth of the maps is 3.6
and 20.8 mJy at 70 and 160m, respectively.

2.2.5 MIR/NIR/optical images and catalogs

In addition to the aforementioned UVGALEX images, we investigate
BLAST source morphology using optical and IR images. The latter
are 3.6, 4.5, 5.8, and 8m IRAC (Fazio et al. 2004) images from the
SWIRE survey. In the optical, we examine | g r)-band images, ac-
quired with the 4m Cerro Tololo Inter-American Observatory (CTIO)

4 The complete set of full-color cutouts can be found at
http://blastexperiment.info/results _images/moncelsi/
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as part of the SWIRE survey, andR-band images from the COMBO({
17 survey (Wolf et al. 2004, 2008). In Figure B1, we show’ 2 20
cutouts for a selectioft of BLAST IDs.

For the purpose of studying the morphology, AGN fraction and
stellar mass, we also match, using a search radius 8f&& in D09, the
catalog of BLAST IDs to the following catalogs:

1. the SWIRE band-merged catalog consisting of opticalJ(griz)

and MIR IRAC uxes ® (Surace & SWIRE Team 2005);
2. the 17 band COMBO{17 optical catalog (Wolf et al. 2004, 2008);
3. the Multi-wavelength Survey by Yale-Chile (MUSYC; Gawiser

et al. 2006) catalog for NIR photometry § and K bands).
As a result of this analysis, out of 227 BLAST IDs:

205 (90%) have an IRAC counterpart from the SWIRE survey;
114 (50%) have an optical (SWIRE and/or COMBO{17),and

either an NIR (MUSYC) or MIR (3.6 or 4.5 m, IRAC) counter-
part®;
102 of the above 114 are detected in a minimum of ve bands

(optical, NIR, and MIR);
52 of the above 102 havé- andK -band photometry from MUSYC.

We use the wealth of ancillary information for a variety of purpses:
we refer to Sections 2.6, 2.7, and 2.8 for discussions on AGN fraw,
morphology, and stellar masses.

2.2.6 Redshifts

In addition to the 82 spectroscopic redshifts obtained with A® for
the BLAST primary IDs, we nd ve additional spectroscopic red-

5 The lower limits for inclusion in the catalog are 7 (10 ), 7 (5 ), 41.8 (5 ) and 48.6 Jy (5 )
at 3.6, 4.5, 5.8 and 8 m, respectively.

6 We note that the sky overlap among BGS, SWIRE, COMBO{17, and MUSYC is limited to a

4.15ded region.
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shifts by exploring the NASA/IPAC Extragalactic Database (NED)
with a 1%%search radius around each ID. For the other sources, we use
photometric redshifts from the MUSYC-EAZY (Brammer et al. 2008,
Taylor et al. 2009), COMBO{17 (Wolf et al. 2004, 2008; only sourse
with R 24) and Rowan-Robinson et al. (2008; RR08) catalogs, using
again a Psearch radius. We carefully inspect each individual align-
ment by taking into account the imaging data in Figure B1, the UV
photometry, the SED in the FIR/submm, and any additional infor
mation available from NED. In the cases of BLAST IDs with more
than one associated photometric redshift, priority is givenni the or-
der: EAZY, COMBO{17, and RR08. We thereby acquire 53 addi-
tional photometric redshifts, of which 20 are from EAZY, six frm
COMBO{17, and 27 from RROS.

We have succeeded in assigning 140 redshifts out of 22762%)
objects in our sample. The redshifts are listed in Table C1, along
with their provenance. Figure 2.5 shows the redshift distributio of
the whole BLAST ID catalog, and of the UV subset used in Section
2.5 for the discussion on the total SFRs. The number of sourceshwi
redshift is doubled with respect to the robust sample of DO9but the
median redshift is roughly halved. This apparent pronouncedstrep-
ancy, limited to the z . 0:2 bin, amounts to 40 sources and is due to
the combination of two selection e ects. First, roughly 15 sowes in
D09 with z. 0:2 (mostly from RR08) do not make it into the robust
sample, mainly because the photometric redshift is intrinsidg unre-
liable or, in a handful of cases, because the BLAST source has been
spuriously identi ed with the counterpart. Second, 27 other gurces
with redshifts estimated in this work have no redshift in D09, beause
they have neither sky coverage from COMBO{17 nor from RROS8; of

" The robustness of a source is assessed by D09 based solely lo@ goodness of the SED t.
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these 27, 21 are from AAO, and 24 have . 0:25. Therefore, the
apparent excess of love- sources with respect to D09 partly re ects
the inclusion of the AAO spectroscopic redshifts (naturally skeed to-

wards lowz) and partly lies in the intrinsic robustness in D09 of either
the photometric redshift or the counterpart itself.

C T |
= whole catalog =
60 £ UV subset ----=------------ E
S D09 robust sample =
sof E
< b
Q40 =
= o 3
g F -
e S0F E
D [ [ —
- S P 3
20 : =
" ; !' """ [ _| é
E ey HPee— 1L ]
O = | I I I ! | I I I I | \I_\ I I | I I I :‘:H_AE

0.0 0.5 1.0 1.5 2.0 2.5

redshift

Fig. 2.5 Redshift distributions for the whole catalog of BLAS IDs and for the
subsample with UV data. The former has a median of 0.29 and antenquartile
range of 0.12{0.84; the latter has a median of 0.18 and an ingeartile range of
0.10{0.34. We also show the redshift distribution for the foust sample of D09, with
median of 0.6 and an interquartile range of 0.2{1.0.

It is worth noting here that this study misses a large fraction of
the high-z BLAST sources that are known to constitute an important
part of the BLAST population (Devlin et al. 2009, Marsden et al.
2009, Pascale et al. 2009). This is again due to the combination wofot
factors. First, 38% of the BLAST IDs presented in this work do not
have a redshift estimate; using information about the UV identcation
rate (similarly to D09), we can argue that more than half of the@urces
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without a redshift estimate lie atz & 0:7. In fact, 90 out of 99 (91%)
sources atz  0:7 (and 96 out of 115, 83%, sources at 1) have a
GALEX counterpart; now, of the 87 sources with no redshift estimate,
57 (66%) do not have aGALEX counterpart. Under the assumption
that the UV identi cation rate is a reasonable (if coarse) estimator
of redshift, arguably more than half of the sources without aedshift
estimate lie atz & 0:7 and roughly half lie atz & 1. Second, D09 start
with a catalog composed of bright, 5 sources with ux densities
33mJy at 250 m, 27mJy at 350 m, and 19mJy at 500 m;
Dunlop et al. (2010) and Chapin et al. (2011) clearly show the nessity
of digging deeper into the BLAST maps, with the aid of the deepest
available multi-wavelength data, in order to identify the fainest, high-
z BLAST galaxies. Of course, this is done at the expense of the size
of the submm sample, which inevitably drops to a few tens of soax
Nonetheless, the present study is still unique in terms of size thie
sample, wavelength coverage, depth, and quality of the arlaily data.
Indeed, IRAS sources have been studied at many wavelengths (e.qg.,
Della Valle et al. 2006, Mazzei et al. 2007), but with little knowledgefo
the details of the cold dust emission from which the FIR SFR estiates
come. Some improvements have been made with the SCUBA Local
Universe and Galaxy Survey (SLUGS; Dunne et al. 2000, Vlahakis
et al. 2005), but still with limited ability to estimate the bolometric
FIR luminosity. The results in this work probably will not be imme-
diately replaced by deeper surveys undertaken kyerschej in fact,
even the much more sensitive observations carried out with §FE
will have to face the lack of deeper ancillary data. This is especially
true in the optical/NIR, where most of the z > 2 submm galaxies are
much too faint to be detected by instruments like AAOmega, and in
the radio, where the identi cation rate of the faintestz > 2 sources
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drops drastically, even when using the deepest available data (X)L

2.3 FIR Luminosities and SFRs

2.3.1 Deboosting the BLAST uxes

The sources in the BLAST catalog used by D09 to identify counter-
parts in the radio and 24 m are detected directly from the maps of
BGS-Deep and BGS-Wide. While the details of the catalog are dis
cussed there, it is useful to summarize here the procedure tardly
what are the potential biases.

First, a catalog of BLAST sources with detection signi cance Ilghher
than 3 is made at each wavelength, independently. Each entry in the
catalog is then positionally matched across the three bands,ttvithe
requirement of a 5 detection in at least one band. The signi cance
here is relative to instrumental noise, and does not include cusion
noise. A new position is assigned to the source by averaging ssi-
tions in the original single-wavelength catalogs, with weightestimated
by taking into account the beam sizes and the signal-to-noisatios
(SNRs) of the detections at each wavelength. This combined edbg
Is then used to identify counterparts in the radio and at 24m, and
a new ux density is measured from the 70 to 500m maps at the
accurate position of the counterpart.

The BLAST di erential source counts fall very rapidly with ux
density (approximately following dN=dS / S 3; Patanchon et al.
2009), thus Eddington bias as well as source confusion will cguthe
uxes to be boosted. This e ect has to be estimated to properlgom-
pute the FIR luminosity of each source. Coppin et al. (2005) have
proposed a Bayesian approach that can be applied to estimateeth
most likely ux distribution when the noise properties of the deéction
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and the underlying source distribution are known. Their methods
derived under the assumption that the ux density comes fromust
one source, plus noise. This cannot be applied to BLAST sources-b
cause of blending: the measured ux density can either cont®m just
one source, or more likely from several sources blended togethy the
beam, which then appear as one single source of larger ux demsi

We develop a di erent method to account for boosting of BLAST
uxes, which is entirely based on Monte Carlo simulations. We ger-
ate 100 noiseless sky maps using the BLAST measured count medel
(Patanchon et al. 2009), and no clusterirfy Noise is added to each
simulated map to a realistic level for the BGS-Deep and BGS-Wad
regions. Sources are then retrieved with the same method usetdtbe
real maps (Devlin et al. 2009). Considering all the input componest
within an FWHM beam distance from each retrieved source, we stip
ulate that the input component with largest ux density is the actual
counterpart® (ID). The source ux density is then remeasured at the
position of the ID. Finally, we compare this ux density with that of
the input source. By repeating this for each source detected each
simulation, we generate distributions of input/output SNR, whee the
relevant noise is the instrumental noise at the position of thi. These
simulations are similar to those used in Chapin et al. (2011) to sty
the e ects of confusion for their deeper sample.

Figure 2.6 shows the result of this analysis. In each bin, we diagl
the median of the distribution of input SNR (labeled SNR)) corre-
sponding to the measured SNR. The error bars de ne the rst and
third interquartiles. To obtain the deboosted ux density likelihood,

8 Here we refer to the source clustering detected in the BLAST raps by Viero et al. (2009).

9 We know that this assumption is always veri ed in BGS-Wide but less so in BGS-Deep, where
in 21% of the cases the second brightest component contribes to more than 50% of the retrieved
ux (see E09, Appendix B).
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SNR,,

Fig. 2.6 E ects of ux boosting, and source blending at BLAST vavelengths in
BGS-Deep (solid error bars) and in BGS-Wide (dashed bars).oFa source with a
measured SNR at a given wavelength, the points show the didtttion of the SNRp
retrieved from simulations, binned in 1-SNR wide bins. Eachamnt indicates the
median value of the distribution in each bin, and the low and igh error bars are
the rst and third interquartiles, respectively. The dashel line indicates where the
points would lie in the absence of biases. The e ects are miid the wide region,
where instrumental noise dominates, and become more sever&GS-Deep, where
confusion noise dominates, and source blending is more impaot. At the longest
wavelength, the beam size blends uxes from many adjacentwsoes, giving a strong
bias. This is not a major problem for our analysis, which deswith sources identi ed
at low, or moderate redshifts.
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it suces to multiply the y-axis by the corresponding instrumental
noise. It is clear from this gure that sources in the BGS-Widee&gion
are only moderately a ected by boosting. The situation is sulian-
tially di erent for BGS-Deep, and the e ect of boosting increags with
wavelength, as expected, due to the telescope PSF becomingyéar
At the longest BLAST wavelength, the uxes are severely a ectedy
boosting: a source detected even with a 10signi cance level has a
deboosted ux only about half of what is measured directly fronthe
map. By comparing the deboosted values for BGS-Wide at 250 and
350 m, we notice that the longer wavelength appears to be slightly
less biased. This arises from the fact that the two PSFs are noemy
di erent in size (36 and 429 respectively), but the 250 m PSF has
larger sidelobes (Truch et al. 2009).

2.3.2 SED tting and FIR luminosities

In order to estimate the rest-frame FIR luminosity (rRr) of each
BLAST source in our sample, we perform SED tting using the MIPS
ux densities (70 and 160 m only) and the deboosted BLAST ux
densities; the model template is a modi ed blackbody spectnu (with
spectral index = 1:5; Hildebrand 1983), with a power law re-
placing the Wien part of the spectrum, to account for the vasability
of dust temperatures within a galaxy (we choose = 2; Blain 1999,
Blain et al. 2003). Pascale et al. (2009) show that the estimated Rl
luminosities depend weakly on the choice of, whereas the estimated
dust temperatures are more sensitive to the template usedin8e our
analysis does not employ temperature measurements, the valoke
we adopt is not critical. We also note here that the SED template
chosen is the one that best performs in tting the spectrum of te
often-used IR-luminous local galaxies, Arp 220 (shown in Figure 2.7)
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and M82; by sampling their SEDs at the ve observed wavelengsh
in question, the nominal FIR luminosities and dust temperatureare
correctly retrieved (within uncertainties) not only at z 0, but also
when their spectra are redshifted up ta@ = 2.

Fig. 2.7 Observed UV-to-FIR spectrum of the localZd = 0:018126) ULIRG Arp
220. The spectrum is plotted in the galaxy's rest frame, andt ancreasingly higher
redshift, to visually render the e ect of cosmological dimnmg combined with the
shift in peak wavelength in the submm. The partial compensain of these two
counteracting e ects is often referred to as\negative K-awection" (e.g., Blain et al.
2002). We also show for reference, as dotted vertical linése central wavelength of
the MIPS (24, 70, and 160 m) and BLAST (250, 350, and 500 m) bands.

The way each BLAST ux density is deboosted depends on its SNR.
If this is larger than 15, no correction is applied. If the measude ux
density is smaller than twice the square root of the sum in quadrate
of instrumental and confusion noise (as reported in Marsden ei.
2009), the detection is treated as an upper limit. In all other case
the above deboosting distributions are used. For sources in BG
Deep, the deboosting likelihood distribution is well approximagd by
a Gaussian function, but this is less true in BGS-Wide (espedlat
low SNR). Therefore, we use the sampled distribution for sources



2. A multi-wavelength study of BLAST counterparts 61

Table 2.1. Correlations among BLAST bands

Band Pearson Correlation Matrix

BGS-Deep BGS-Wide
[mM] 250m 350m 500 m 250 m 350 m 500 m
250 1 0.68 0.66 1 0.26 0.29
350 1 0.69 1 0.29
500 1 1

BGS-Wide, and a Gaussian approximation in BGS-Deep.

The portion of noise arising from confusion is highly correlat
among bands. The Pearson coe cients of the correlation mattiare
listed in Table 2.1, and are estimated from the (beam-convolved)d&Ss-
Deep and BGS-Wide maps. As expected, the correlation e ectsea
more important for sources in BGS-Deep, and we do take this into
account in the SED tting algorithm, whereas no correlations armang
bands are considered for sources in BGS-Wide. This turns out to
be convenient, as in BGS-Deep the distributions are Gaussiaand a
correlation analysis is relatively straightforward. This woud not be
the case for the sources in BGS-Wide.

MIPS uxes at 70 and 160 m are also used in the tting routine
to constrain the SED at wavelengths shorter than the emissigoeak.
Deboosting these bands is beyond the scope of this work, andsitiéss
necessary because the source counts are shallower than theABI
ones (see Frayer et al. 2009, Bethermin et al. 2010). The SED ttig
procedure (described in Chapin et al. 2008) copes with the size bét
photometric bands (color correction), and the instrumentaplus pho-
tometric uncertainties (Truch et al. 2009). Correlations are mperly
taken into account via a Monte Carlo procedure.

In Figure 2.8, we show the tted FIR SED for three representa-
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Fig. 2.8 SED tting of the FIR ux densities for three representative objects in
our sample. Points with error bars are from BLAST (deboostedgolor-corrected
250, 350, and 500m) and MIPS (70 and 160 m); arrows indicate upper limits (see
text). Black solid lines show the best- t curves, with 68% co dence levels displayed
as gray solid lines. The tting routine accounts for the nite BLAST bandwidths
and for the correlated calibration uncertainties. The modeemplate is a modi ed
graybody with an emissivity law = 1:5 (Hildebrand 1983) and a power law
replacing the Wien part of the spectrum ( = 2; Blain et al. 2003).
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tive objects in our sample: a low-redshift spiral galaxy; a mid-oshift
strong H emitter; and a highz quasar. The resulting FIR luminosi-
ties, listed in Table C2, are the rest-frame SED integral betweenghd
1000 m (Kennicutt 1998).

In Figure 2.9, we compare our estimates of rest-frame FIR luminos
ity with those obtained using only MIR ux densities to investigate
the level of uncertainty when data are not available in the submm.
Following the prescription of Dale & Helou (2002), we calculate
FIR luminosities using only MIPS ux densities (24, 70, and 160m)
foraz 2 subset of 93 sources with 24n counterpart. There is
considerable agreement up thrpr . 5 10ML andz . 05. At
higher redshifts (and luminosities) we nd a poorer concorda®; the
MIPS-only estimates tend to overestimate the FIR luminositypy as
much as a factor of two in some cases. Other authors (Pope et @08,
Papovich et al. 2007, Kriek et al. 2008, Murphy et al. 2009, Muzzin
et al. 2010, Elbaz et al. 2010, Nordon et al. 2010) nd similar trends
this is expected as the MIPS bands sample the SED peak progres-
sively less and less as redshift increases, thus pulling the SEDv&nd
shorter wavelengths, and resulting in a highelLrr. This emphasizes
how essential the BLAST and SPIRE wavebands are to constraihe
IR emission peak of star-forming galaxies at high redshift (sedso
e.g., Schulz et al. 2010, Elbaz et al. 2010).

2.3.3 FIR star-formation rates

The FIR luminosities are a sensitive tracer of the young stellargpu-
lation and, under some reasonable assumption, can be dirgattlated
to the star-formation rates (SFRs). This is particularly truefor dusty
starburst galaxies, because the optically thick dust surrowing star-
forming regions is very e ective in absorbing the UV photons emiéd
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Fig. 2.9 Comparison of estimates of total FIR luminosity fomz 2 subset of 93
sources with 24 m counterpart. On the x-axis we used the prescription of Dale &
Helou (2002; Equation 4) based on 24, 70 and 166 MIPS uxes; the error bars
are set to 4%, which represents the mean discrepancy betwéleair prescription and
their model bolometric IR luminosities. On they-axis we used the FIR luminosity
estimates and uncertainties described in Section 2.3.2. usces lying in the BGS-
Wide region are in black and sources in BGS-Deep are in graynibol sizes increase
with redshift as shown in the legend. The secondary axes areth calculated using
Equation (2.1). The dashed line showsg = X, for reference.

by young, massive stars and converting this energy into IR ession.

Under the assumption that the above is the only physical process
heating up the dust, Kennicutt (1998) derives the following reition
between SFR and bolometric FIR luminosity:

M
SFRyust v =1:73 1019 Leg[L I: (2.1)

Our sample includes sources with a wide range of FIR luminosities.
On one end, the FIR energy output is similar to the one found in
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Luminous IR galaxies (LIRGs,Lgr > 10'L ), and Ultra Luminous
IR galaxies (ULIRGs, Lgr > 102L ). In this type of source, AGN
can play an important role in heating up the dust, resulting in a kas
in the SFR calculation (an e ect discussed further in Section .8).
At lower FIR luminosities, we have strong additional evidencent
dicating that most of the galaxies sampled by BLAST are activgl
star-forming. This is shown in Figure 2.10: available H rest-frame
equivalent widths (EW;) are plotted against FIR luminosity for 56
sources atz . 0:33 (see Section 2.2.2). The horizontal dashed line
at 4 A separates galaxies with ongoing star formation from quieste
ones (Balogh et al. 2004). All sources but one have Hsignature of
ongoing star formation. It is highly unlikely that, despite the poor
statistics of this plot, we could be missing a population of gascent
objects with Lgr . 10°°L , whose FIR emission is due to a di erent
physical process than the one described above.

Nonetheless, as the FIR luminosity decreases, our sources a&auh
more normal star-forming galaxies. In this type of source a nen
negligible contribution to dust heating comes from older stell popu-
lations, which would bias the SFR estimate high (Bell 2003, Hiraga
et al. 2003, Iglesias-Paramo et al. 2004, 2006). The reduced wal
depth of dust also needs to be taken into account or it would reguh
a lower estimate of SFR (Inoue 2002). Both these e ects are d-
ered in the following discussion (Section 2.5) on the total SFR iruo
sample.
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Fig. 2.10 H rest-frame equivalent widths (EW;) as a function of the FIR luminosity
for the subset of 56z . 0:33 sources described in Section 2.2.2. Note that we
applied a 1A correction to the H EW/; for underlying stellar absorption (Hopkins
et al. 2003). Sources lying in the BGS-Wide region are in blacsources in BGS-
Deep are in gray. We also encode here the morphological imf@tion discussed in
Section 2.7: spiral galaxies are indicated with empty diamds; compact objects with
empty squares; ellipticals with triangles; interacting sstems with crosses; Seyfert
galaxies with lled diamonds; and objects without morpholgical classi cation with
lled circles. The horizontal dashed line at 4A separates galaxies with ongoing star
formation from quiescent ones (Balogh et al. 2004). Clear&}l galaxies in our sample
but one are compatible with being actively forming stars.

2.4 UV Luminosities and SFRs

2.4.1 UV uxes and rest-frame luminosities

The amount of unobscured star formation ongoing in each galaxy o
our sample can be estimated in the UV for the BLAST IDs with a
GALEX counterpart.

The (AB) UV magnitudes are corrected for extinctionA due to
dust in our Galaxy, and converted into observed ux densitieS .
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Rest-frame UV luminosities are calculated as
LT, =4 S . D32) obs (2.2)

whereD\ (z) is the luminosity distance.

The extinction coe cients used in the analysis are estimated fel
lowing the prescription of Wyder et al. (2007), and the color exsses
E(B V) as measured from DIRBEIRAS dust maps (Schlegel et al.
1998) are listed in Table C2.

2.4.2 UV star-formation rates

Star-formation rates in the UV are estimated following the apprach of
Iglesias-Paramo et al. (2006; and references therein). These related
to rest-frame luminosities in the FUV and NUV by using a synthetic
spectrum obtained with starburst99'° (sb99 Leitherer et al. 1999) for
a star-forming galaxy. In the wavelength range 1000{30@Q the shape
of the spectrum (shown in Figure 2.11) is very weakly dependent on
the underlying stellar populations (e.g., Kennicutt 1998), ath has a

2 slope.

NUV SFRs are estimated using the equation

M
log SFRyuy v =log LR,vIL 1 Knuv(2); (2.3)

whereL [,y is the rest-frame luminosity calculated from the observed
near-UV magnitude using Equation (2.2). Knuv(z) is a redshift-
dependent numerical factor which incorporates the K-correcn, and

10 Under the same assumptions of Iglesias-Paramo et al. (2006 continuous star formation, recent
star-formation timescale 10° yr, solar metallicity and Salpeter (1955) initial mass fundion (IMF)
from 0.1 to 100M .
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Fig. 2.11 Synthetic spectrum computed withstarburst99 (Leitherer et al. 1999),
under the assumptions of solar metallicity and Salpeter (58) IMF from 0.1 to
100M . Following Equations (2.3) and (2.4), the K-correction faior for the NUV,
Knuv (2), is computed by averaging the synthetic spectrum over therbad GALEX
Iter prole, also shown (in arbitrary units), blueshifted for reference in the rest
frame of the nearest and farthest object in our UV subsample. hE same can be
done for the FUV lIter (not shown here).

is derived fromsb99 integrating over the GALEX lter prole fyuv:

R
(log L*L ] log SFRPTE]) fuuy d

oy d T (2.4)

Knuv(2) =

SFRryy and Kgyy (z) are obtained in a totally analogous way. The
values ofK ryy (z = 0) and Kyyv(z = 0) are the same as those used
by Iglesias-Paramo et al. (2006) atz = 0. The photometric errors
described in Section 2.2.3 are propagated in the estimate of theaer-
tainties on the UV SFRs.

A redshift limitation arises when the observed NUV and FUV sam-
ple the rest-frame Lyman continuum. This occurs az  0:36 in the
FUV, and z 0:91 in the NUV. Hereafter we exclude sources beyond
these redshift limits, as their inferred SFRs would be unreliableln
order to have a more uniform and su ciently large sample, in what
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follows we only consider the NUV subset, which counts 89 sourcesds
Figure 2.5 for their redshift distribution). As anticipated, the UV lu-
minosities/SFRs are not corrected for intrinsic dust extincton, and
are combined in the following section with FIR luminosities to bud
an estimator of total SFR that is independent of extinction modss.

2.5 Total SFRs

We now have two separate estimators for the SFRs in our galaxyrsa
ple, SFRyst and SFRyuv. Each of these is expected to have di erent
biases and shortcomings. One can clearly do better at estinreg the
SFR by combining the two estimators in some way. The best way to
do this is not obvious though, since it depends on how each of the
estimators is calibrated, on the assumptions that go into themgn the
range of galaxy SEDs being studied, and on how these relate txal
galaxies that are used for calibration, including radiative tansfer ef-
fects and other complications. Because of this, we choose dildw a
prescription to estimate the total SFR in a galaxy which has alread
been used by several authors (Bell 2003, Hirashita et al. 2003 elgjas-
Paramo et al. 2006, Buat et al. 2007), so that we can at least corape
our results to those of several related studies.

In order to estimate the total SFR (SFRy:) in our sample, we com-
bine the contribution from the obscured star formation with he un-
obscured star formation:

SFRyt = SFRnuv + (1 ) SFRyust: (2.5)

A correction factor (1 ) is applied to the dust contribution to ac-
count for the IR emission from older stellar populations. Followin
Bell (2003) and Iglesias-Faramo et al. (2006), we use di eréwvalues
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of depending on whether the object in question is more likely to be
a starburst ( 0:09 for Lrr > 10ML ) or a normal star-forming
galaxy ( 0:32forLgr 10'L ). As anticipated in Section 2.3.3,
this method can account for both the contrasting e ects thatome into
play when we try to estimate the total SFR budget for an inhomoge
neous sample of objects. Namely, parameterizes the contribution
to dust heating from older stellar populations as a function othe
integrated FIR luminosity, whereas the contribution from the UV L-
minosity guarantees that all the UV photons that manage to escap
the galaxy, due to the reduced optical depth of the dust, are aally
taken into account.

We brie y recall here that the main selection e ects of our sample
are, on the one hand, that the rest-framé.gr increases steadily with
redshift (see Figure 2.9 and D09), and on the other hand that the
UV luminosity estimates are not reliable beyon&z  0:9. Moreover,
we stress the importance of the blending e ects reported in Semn
2.3.1, which may lead to misidenti cations, particularly in BGS-Deep
(sources in gray).

The results of this analysis are shown in Figure 2.12. In the top
panel, we plot the ratio of SFRyy to (1  )SFRgust @s a function of the
FIR luminosity. With the exception of a few outliers}! there is a clear
trend, namely the NUV contribution is more important at low Lgr
(low-z), whereas star formation is mainly obscured atpr & 101 L
z & 0:5. The same e ect is evident in the bottom panel, where we
plot SFRy; as a function of redshift. The gray shaded area shows the
1 con dence interval of a power-law t SFRyyy / z*%. Most sources
with SFRy larger than a fewM yr ! have negligible contribution
from the UV. This is consistent with what Takeuchi et al. (2010b)

11 In particular, ID#55 could be a misidenti cation because th ere is a secondary counterpart, see
E09.
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Fig. 2.12 Top panel: ratio of SFR estimated from the NUV only to BR estimated
from dust only, as a function of the FIR luminosity. Note that Ry, iS corrected
by a factor (1 ) to account for the IR emission from old stellar populations
(see text). Bottom panel: total SFR (SFR,, see Equation 2.5) as a function of
redshift. The gray shaded area shows the 1con dence interval of a power-law t
to SFRyuy / z¥®. Symbols are as in Figure 2.10. Filled squares indicate thtte
source is a quasar (see Section 2.6).

nd in the local Universe for an FIR-selected sample: at SRR >
20M yr 1, the fraction of directly visible SFR (SFRyyy) decreases.
A very similar trend is also observed at higher redshifts by Buattal.
(2008), with a 24 m-selected sample at 0 z 0:7 that closely
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resembles our sample at those redshifts, in terms of dynamionges
and FIR-to-UV ratios.

Such a behavior in the individual BLAST IDs can be related to the
greater evolution of the total FIR luminosity density with respet to
the optical{UV one, as reported for instance by Pascale et al. (20).
On the other hand, we stress that alLgg . 10*L , z. 0:25, FIR-
only observations would lead to underestimates of the totalFR of at
least a factor of two.

By comparing our sample in Figure 2.12 with théRAS/FIR-selected
local sample of Iglesias-Paramo et al. (2006), we notice thahé over-
lap is quite modest and limited toLgg . 10°°L , z . 0:1 sources.
We point out that this conclusion should not be diminished by con-
siderations on the extent of the local volume sampled by the BLAST
survey.

At the very high luminosity end, only two objects (one of which is
agged as quasar, see Section 2.6) with 0:91 have a UV counter-
part. We thus investigate the 30 galaxies witlgr ~ 102L  in the
full set of BLAST IDs, nding that 16 are agged as quasars, masof
which are optically bright. At z > 1, the optical U and g bands probe
the rest-frame UV, and we calculate that these objects wouldrtually
populate the top right corner of the upper panel of Figure 2.12-How-
ever, the UV emission from quasars is strongly contaminated by d¢h
active nucleus, and cannot be directly associated with redestar for-
mation. Of the remaining 14 ULIRGs with no AGN signatures, only
four have optical magnitudes, and would occupy the bottomght cor-
ner, indicating severe dust attenuation. We can therefore gue that,
even if our subset of objects lacks the abundance of most luminous
IR galaxies detected in the SHADES survey (see Coppin et al. 2008,
Serjeant et al. 2008), SCUBA-like sources will likely lie in the bot-
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tom right corner and beyond, following the same trend of increemsy
dust attenuation at higher FIR luminosities. This is a rst hint t hat
our analysis begins to detect SCUBA galaxies, which are known to
overlap considerably with the fainter BLAST galaxy population,fol-
lowing joint studies of LABOCA 870 m and BLAST data (Dunlop
et al. 2010, Chapin et al. 2011). We will discuss this in more detari i
Section 2.8.

The 24 m-selected sample described by Le Floc'h et al. (2005)
most resembles ourz 0:9 sample in terms ofLgr{z parameter
space, although our objects are in general more massive, as wk wi
see in Section 2.8. This, in combination with Figure 2.10, points to
the conclusion that the BLAST counterparts detected in this surey
at z . 1 are mostly run-of-the-mill star-forming galaxies. Finally,
given the steep number counts at the BLAST wavelengths (Patahon
et al. 2009) and the smaller beam sizes biersche] we expect SPIRE
to detect roughly a factor of 10 more sources than BLAST, probi
fainter uxes and therefore higher redshifts. Figure 2.12 sggsts that
SPIRE will likely Il the 10 1. Lgr . 2 10L region (see e.g.,
Chapin et al. 2011), but probably will not be dominated by SCUBA-
like sources.

2.6 AGN Fraction and Quasars

In this section, we describe the AGN and quasar content of ogsample
and investigate whether the submm emission that we see with BLAST
iIs mainly due to the host galaxy or to the active nucleus.

AGNSs are identi ed using spectroscopic and photometric methus,
and the information is listed in Table C1. Of the 82 sources in our
sample with optical spectra, 56 have a measurement of the linetica
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[N n}J/H ;14 of these have [NI]J/H & 0.6, and we ag them as AGNs
(Kau mann et al. 2003, Miller et al. 2003; and references therein).
Broad emission lines, such as @] 190.9 and Civ 154.9, which appear
in the accessible waveband & > 1, are used to identify ve additional
sources as quasars. A search on NED vyields that 10 more sourices
our sample are classi ed as AGNs by other authors.

Active galaxies can also be identi ed using a number of photomedtr
empirical methods. Quasars occupy a distinct region in the I color
space by virtue of their strong, red continua in the MIR (Lacy eal.
2004). IRAC uxes are available for 205 sources, and we use thede
color{color cut prescriptions of Hatziminaoglou et al. (2005)Stern
et al. (2005), and Marsden et al. (2009). Optical magnitudes dn
postage-stamp images are also available for 114 sources, alongp wit
radio uxes for 107 sources from D09. A source is consideredusagar
when it is compact? and satis es the three aforementioned color{
color cut prescriptions. If only two color{color cuts presaptions are
satis ed, we also require the source to be either radio-loud. {.4gH; &
10*® W), optically bright (Ly-y & 10*"L ), or one of the 10 NED
AGNSs.

Using these empirical methods, we nd 24 quasars plus 10 addi-
tional sources showing weaker yet signi cant quasar actiyitwhen the
above conditions are near the threshold. The ve quasars idermd
spectroscopically are all contained in this photometric list. Othe 14
spectroscopically identi ed AGNs, 10 are de nitely not compagtbut
rather spiral in shape (see the following section on morphologynd
mostly radio-quiet. We believe that these objects are Seytayalaxies
(e.g., Cid Fernandes et al. 2010).

In conclusion, we have assessed that about 15% of the galaxies i

12 By\compact" we mean objects unresolved in the optical and MIR, with linear sizes. 3kpc at
z& 1.
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our sample show strong indication of having an active nuclewand
an additional 6% have weaker yet signi cant evidence. Chapiet al.
(2011) found a comparable proportioft of sources with excess radio
and/or MIR that can be interpreted as an AGN signature. Sevelae-
cent observations nd close association of AGN activity angioung star
formation (Silverman et al. 2009), consistent with a scenarimiwhich
the FIR/submm emission is mainly due to star formation ongoingni
the host galaxy, rather than to emission from a dusty torus obscing
the inner regions of the active nucleus (Wiebe et al. 2009, Copyet al.
2010, Muzzin et al. 2010, Hatziminaoglou et al. 2010, Shao et al. 201
Elbaz et al. 2010). In addition, our AGN selection criteria, whils use
optical and MIR data, tend to favor type-1 AGNSs, i.e., unobscure
Seyfert galaxies and quasars. This is de nitely the case for th&RAC
color{color selection methods, as reported by Hatziminaoglou al.
(2005) and Stern et al. (2005), but it is also corroborated by theatt
that most of the quasars we identify are optically bright. We an to
address this issue in greater detail in a future paper.

2.7 Morphology

We assign a broad morphological classi cation to 137 (60%) tie
BLAST IDs presented in this work, based upon visual inspection of
UV, optical and MIR postage-stamp images (see Section 2.2.5) cen-
tered at[ gLasT, BLasT]. A selection of cutouts is shown in Figure B1.
In addition to the visual examination of the multi-wavelengh im-
ages, we corroborated our choice with ancillary information (wine
available), such as: (1) location on the color{magnitude diagm, typ-
ically (U r) versusM,; (2) spectral features; (3) UV detection; (4)
FIR luminosity. Our ndings are listed in the \morphology" column

13 Only sources with a redshift estimate.
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Table 2.2. Broad Morphological Classi cation of BLAST IDs

Type Sub-type Number Frequency
Spiral 69 50%
Seyfert 8 6%
Compact 52 38%
Quasar 31 23%
Blue compact 5 4%
Red compact 3 2%
Elliptical 8 6%
Interacting system 7 5%
Irregular 1 < 1%

Note. | Morphological classi cation available for 137 out
of 227 BLAST IDs (60%), based upon visual inspection of
UV, optical and mid-IR (MIR) postage-stamp images (see
Section 2.2.5). By \compact" here we mean objects unre-
solved in the optical and MIR, with linear sizes 3kpc. By
\interacting system" we mean a visually obvious physical as
sociation of two or more objects.

in Table C1 and summarized in Table 2.2.

At low redshift, we nd predominantly spirals, whereas most of
the BLAST sources identi ed at high redshift are compact and sbw
AGN signatures. This is probably a selection bias, as the fractioof
submm sources identi ed at other wavelengths is known to gradiia
decreases withz (see D09), and the most distant sources are often
identi ed only thanks to their extreme radio and/or optical emission,
due to the AGN. In fact, the study by Dunlop et al. (2010) shows
that a deep survey at 250 m not only reveals lowz spirals, but also
extreme dust-enshrouded starburst galaxies at 2. The latter tend
to be missed in our selection, because they are typically extremel
faint in the optical/UV, unless they also host an AGN.
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We point out here that this broad morphological scheme should
not be regarded as meaningful on a source-by-source basig, father
be considered as guidance for interpreting the other resultd this
work. For this purpose, we encoded the morphological informanh in
Figures 2.10, 2.12, 2.13, 2.14, and 2.15.

2.8 Stellar Masses

Stellar massesNl,) are computed by Dye et al. (2010b) for a subset of
92 sources in our sample with counterparts in a minimum of ve barg
from the optical to NIR. The distribution has median of 16°°M , and
interquartile range of 13%%{101*? M
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Fig. 2.13 Stellar mass as a function of redshift for the whokubset of 92 sources
described in Section 2.8. Symbols are as in Figure 2.10. &illsquares indicate that
the source is a quasar. We overplot SHADES sources (Dye et al08Das light gray
lled circles.

These stellar masses are plotted versus redshift in Figure 2.13& w
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also show for comparison the stellar masses of SCUBA sources in
SHADES, computed by Dye et al. (2008) using a methodology and
photometry almost identical to ours.

Except for three outliers (that may well be misidenti cationsas they
all lie in BGS-Deep), the monotonic trend of increasing stellar mass
Is the result of multiple selection e ects; sources at a given rehlift are
not detected with arbitrarily low, or arbitrarily high stellar masses. As
we discuss later in this section, there is an approximately cdast re-
lation betweenL g and stellar masses in our sample. Low-luminosity
sources (with low stellar masses) are excluded at a given redsbié-
cause of sensitivity. On the other hand, sources withgr (and stellar
masses) above a certain threshold are excluded from our sdende-
spite the well-documented strongly evolving FIR luminosity fuation
(E09, Dye et al. 2010a, Eales et al. 2010b); our present studyngily
does not go deep enough to start detecting the bulk of high{and
higher volume density) K-corrected sources. In particular,osirces
with M» & 10?M , which are present in the SHADES sample, are
absent from ours. Indeed, these very massive sources are thetected
among 24 m-selected samples, down to a ux density level of20 Jy
(GOODS survey; see e.g., Le Floc'h et al. 2005, Rerez-Gonzalet al.
2005, Caputi et al. 2006, Elbaz et al. 2007, Santini et al. 2009) The
24 m catalog used by D09 to nd counterparts to the BLAST sources
goes down to the same depth; therefore, we are only left with thadio
catalogs. Itis indeed possible that our analysis is missing veryassive
galaxies that, though having a radio ID, do not have an estimat of

14 All the authors cited above adopt a Salpeter (1955) IMF. Capti et al. (2006), Santini et al.
(2009), and Dye et al. (2008, 2010b) estimate the stellar maes by means of an optical{to{NIR
SED t of each galaxy at the determined redshift. Le Floc'h et al. (2005) and Rerez-Gonalez
et al. (2005) simply convert, respectively,V - and K -band luminosities into stellar masses. Finally,
Elbaz et al. (2007) compute stellar masses by modeling the stlar populations of each galaxy using
stellar absorption-line indices.
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stellar mass because measurements are not available in a minimuim o
5 optical/NIR bands. An accurate account of the selection e ectat
work for M» & 10'2M , which is beyond the scope of this work, would
not invalidate the results of the rest of this chapter.

Our subsample is composed of relatively massive objects, wih
signi cant fraction of sources (45%) with stellar masses great than
10''M . This fraction soars to 84% in the SHADES survey, whereas
the majority of sources detected at 24m in deep surveys of the CDFS
(down to a ux density level of 20 Jy) have M, 10'M (e.g.,
Le Floc'h et al. 2005, Rerez-Gonalez et al. 2005, Caputi et al. 26,
Elbaz et al. 2007, Santini et al. 2009). However, a direct compson
of the detection rates of massive galaxies among these sus/éyvery
di cult because of the dissimilar comoving volumes probed; in fe,
BLAST samples a volume roughly 14 (57) times larger than SHADES
(GOODS)'. Furthermore, it would be necessary to quantify the nu-
merous selection e ects and the di erent shape of the stellar nsa
function at the wavelengths in question.

Nevertheless, BLAST observes a signi cant number of large, mas
sive and actively star-forming galaxies (typically spirals,ee Section
2.7), which qualitatively appear to link the 24 m and SCUBA pop-
ulations at 0 < z < 2. With the deep 24 m GOODS survey, other
authors seem to be already detecting this linking populationrgipartic-
ular Caputi et al. 2006 and Elbaz et al. 2007), but their most masse
sources at (< z < 1 all have long ( 4 Gyr) star-formation timescales
(de ned as the ratio of already assembled stellar mass over thecent
SFR, see later in this section), indicating prolonged star foration his-
tories. In contrast, about 60% of our galaxies in the sand,{z range

15 Based on the following redshift depth and sky area covered hyespectively, the GOODS survey,
the SHADES survey and the present BLAST study: 140arcmir? outto z  3; 320arcmir? out
toz 5;and 4.15ded outto z 2.
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have star-formation timescales shorter than 4 Gyr, consett with the
ndings that submm-selectedM» & 10'*M systems atz 0.5 form
their stellar mass predominantly at late and at early times, butess
so when the galaxies are middle-aged (Dye et al. 2010b, 2008). Ehes
gures indicate that the moderately massive population deted at
0<z < 1 by BLAST is more actively forming stars than the equally
massive 24 m-selected galaxies in the same redshift range. One might
wonder whether this observation arises just as a consequenée se-
lection e ect in the shallower BLAST sample; although our data do
not allow us to investigate the stellar masses of fainter BLAST gak-
ies, a thorough examination of theM, distribution at 0 <z < 1 in the
GOODS survey (e.g., Figure 7 of Caputi et al. 2006) does not sugges
that the exclusion of the fainter 24 m sources (below e.g., 831y, the
80% completeness limit in the CDFS) would dramatically alter the
proportions of galaxies with stellar mass above and below't® . It

Is certainly possible that a cut at a brighter 24 m ux density would
bias high the detection rate of massive galaxies; however,etimas-
sive BLAST galaxies atz 1 have a median SFR of 70M yr !
that equals the maximum SFR among the likewise massive and aged
galaxies in GOODS. This would still be true if the 24 m sample were
shallower.

Moreover, Figure 2.13 exhibits, in the range & z < 2, a substan-
tial overlap between BLAST and SCUBA sources. Therefore, assum-
ing that the BGS is a representative eld, our data suggest thathe
BLAST galaxies seem to connect the 24m and SCUBA populations,
in terms of both stellar mass and star-formation activity. Figues 2.14
and 2.15 further corroborate this conclusion. It is worth reminithg
the reader that the M, estimates are based on the optical/NIR uxes
of BLAST IDs and do not employ any BLAST-speci c photometric
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data.

Figure 2.14 plots stellar masses (top panel) and SSER(bottom
panel) versusLgr for the subset of 55 sources a¢ 0.9 that have
an estimate of both these quantities. There are 37 additionaburces
in our catalog with Lrr & 10''L and stellar mass estimates, but
no reliable SFRyy. These are included in Figure 2.14, because in
this case SFR ' (1 ) SFRyust (see Section 2.5). SHADES sources
are also shown in this gure. S. Dye (2010, private communicat)
estimates their FIR luminosities using a two-component SED from
Dunne & Eales (2001) that has cold/hot ratio of 186, withT,o =
44K and Teog = 20K. SFRs are estimated using Equation (2.1) and
corrected by (1 ). Finally, star-formation timescales, de ned as

se = SSFR !, are shown as the secondany-axis.

BLAST IDs selected in BGS-Wide show a positive correlation be-
tween their stellar masses andlgr, but there is no strong evidence
for a correlation between SSFR; and FIR luminosities. Although
BLAST IDs selected in BGS-Deep appear to have di erent trends,
one should be cautious as the they are, in general, less reliatian
the IDs in BGS-Wide. However, BGS-Deep sources can be used to
study bulk properties under appropriate caveats. The emerginpic-
ture appears to con rm Figure 2.13, in which there is a non-negligible
overlap between the BLAST and SCUBA populations in the range
1<z < 2. In particular, the high luminosity tail of the BLAST sam-
ple appears to encroach on the SHADES sources in terms of bathr
and M, bridging the gap with the lower-redshift Universe populated
by 24 m sources and by run-of-the-mill star-forming BLAST galaxies,
with sg spanning the interval 1{10 Gyr. A considerable overlap be-
tween fainter BLAST sources and 870m-selected galaxies has already
been established by Dunlop et al. (2010) and Chapin et al. (201Dt
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Fig. 2.14 Top panel: stellar mass as a function of FIR luminag for the whole
subset of 92 sources described in Section 2.8. Bottom panspecic total SFR
(SSFRyt) as a function of FIR luminosity for the subset of 55 sourcesa 0:9
that have an estimate of SFR;. Symbols are as in Figure 2.10. For the remaining
37 sources, we assume SER= (1 ) SFRqust as they all haveLgr & 10YL ;
these are shown as crosses without error bars. The right-lthordinate shows the
corresponding star-formation timescales, de ned ase = SSFR 1. Filled squares
indicate that the source is a quasar. The horizontal dashethé shows the inverse
of the age of the Universe. We overplot in both panels SHADES saes (Dye et al.
2008) as light gray lled circles.
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it is important to have con rmed an additional, less direct, conection
with our shallower BLAST sample, by means of a comparable analys
to that of SHADES.

We investigate if a temporal connection between the two popula
tions is allowed by the data, in a scenario where the BLAST sources
are SCUBA sources fading at the end of their late star-formatioourst
(Borys et al. 2005, Dye et al. 2008). However, Dye et al. (2010bese
to rule out this possibility, because the higher, more massive BLAST
IDs are observed during a star-formation burst lasting too e y in
redshift to allow this connection. This disconnection is congent with
the phenomenon of downsizing observed in optically-selecteargdes
of galaxies (e.g., Heavens et al. 2004).

The approximately at trend between SSFR,; with FIR luminos-
ity of Figure 2.14 evidenced by the BLAST IDs selected in BGS-Wide
Is consistent with Serjeant et al. (2008). The inclusion of BGS-[@p
sources at high FIR luminosities seems to suggest a di erent,ilch
trend of increasing SSFR;, also reported by Santini et al. (2009) and
Rodighiero et al. (2010). The data available to us do not manifest
enough evidence to support either scenario. Larger sampleswv ac-
cessible with Herschelwill shed more light on the evolution of the
speci ¢ SFR.

In Figure 2.15, we plot SSFR; versus stellar mass, for BLAST and
SHADES sources. The dotted isolines correspond to constant SFRs,
under the assumption thatM-, is the galaxy's total stellar mass. We
do not nd any clear correlation between speci ¢ total SFR ad stellar
mass, which is not surprising as we are sampling a population aung,
active, star-forming galaxies (see also Santini et al. 2009). jEectedly,
the bulk of SHADES sources occupies a well-de ned region of the
plane, around the isoline of SFR = 100M yr !, whereas practically
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Fig. 2.15 Speci c total SFR (SSFRy) as a function of stellar mass for the subset of
55 sources ar  0:9 that have an estimate of SFR;. Symbols are as in Figure 2.10.
For the remaining 37 sources, we assume SkR= (1 ) SFRqust as they all have
Lrr & 101 L ; these are shown as crosses without error bars. The rightrthordi-
nate shows the corresponding star-formation timescalese ded as g = SSFR .
Dotted isolines correspond to constant SFRs, under the assption that M- is the
galaxy's total stellar mass. The horizontal dashed line sts the inverse of the age
of the Universe. We overplot SHADES sources (Dye et al. 2008) aght gray lled
circles.

all the BLAST counterparts at z  0:9 lie below the isoline of SFR
= 100M yr 1. The gap is again lled by the BLAST IDs at higher
redshift.

We can compare our results in Figure 2.15 with Buat et al. (2008),
who derive mean relationships between observed SSFR and siell
mass atz = 0 and z = 0:7, and confront these with models based
on a progressive infall of gas into the galactic disk, startingtanigh
z. Both their data and models exhibit a at distribution of SSFR for

galaxies with masses between 1and 10*M . Ourz  0:9 subset of
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star-forming galaxies shares a similar behavior, as well as thgnédmic
ranges. On the other hand, we can also compare the highail of the
BLAST IDs with the z > 0:85 sample of Rodighiero et al. (2010): al-
though the scatter is quite large in both subsets, we observe tesame
negative trend of SSFR withM,, again consistent with downsizing.

The in-depth analysis of the bright BLAST counterparts reveals a
population with an intrinsic dichotomy in terms of SFR, stellar nass,
and morphology. The bulk of BLAST counterparts az. 1 appears to
be run-of-the-mill star-forming spiral galaxies, with intermedate stel-
lar masses (mediartM, 7 10'°M ) and approximately constant
speci ¢ SFR ( sg in the range 1{10 Gyr); in addition, they form stars
more actively than the equally massive and aged 24n sources. On
the other hand, the highz BLAST counterparts signi cantly overlap
with the SCUBA population, and the observed trends of SSFR, alltei
inconclusive, suggest stronger evolution and downsizing. Innmbu-
sion, our study suggests that the BLAST galaxies may act as linkin
population between the star-forming 24 m sources and the more ex-
treme SCUBA starbursts.

2.9 Concluding Remarks

We have carried out a panchromatic study of individual brighBLAST
galaxies identi ed at other wavelengths, extending the ana$ys of pre-
vious BLAST works. Our basic results are as follows.

1. The ux densities of BLAST sources are boosted due to a com-
bination of Eddington bias, source confusion and blendingWe
have developed a Monte Carlo method to quantify these biases,
both in confusion-limited maps and in maps dominated by in-
strumental noise. The boosting e ects are more pronounced in
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the confusion-limited regime, and become more important as the
wavelength increases. In addition, ux densities are heayikorre-
lated among the BLAST bands, again more prominently in BGS-
Deep. We have accounted for all these e ects coherently while
calculating the FIR luminosities of BLAST galaxies. We have
also shown how crucial the BLAST/SPIRE photometry is to es-
timate without bias the FIR luminosity of a galaxy, especially at
high redshift.

. We have measured that star formation is predominantly obsoed

at Lpr & 10ML , z & 0:5. On the other hand, unobscured star
formation is important at Lgg . 10''L , z. 0:25 and FIR-only
evaluations of SFR would lead to underestimates up to a factof o
two. This is probably a direct consequence of the well documeick
stronger evolution of the FIR luminosity density with respect to
the optical{UV one.

. We have compared, in terms oL gr{z parameter space, the
BLAST counterparts to the IRAS/FIR-selected sample of local
galaxies, to the 24 m-selected sample observed [8pitzer, and to
the SCUBA 850 m-selected sample. The overlap with the local
IRAS sample is minimal and this conclusion should not be belit-
tled by the extent of local volume surveyed by BLAST. Similarly,
our sample lacks the abundance of most luminous IR galaxies de-
tected in the SHADES survey, but the highk gr, high-z tail of
the BLAST counterparts seems to overlap with the SCUBA pop-
ulation. The 24 m-selected sample most resembles the bulk of
BLAST IDs in terms of Lgr and redshift distribution.

. We have assessed that 15% of the galaxies in our sample show
strong indication of an active nucleus and an additional 6% ke
weaker yet signi cant evidence. In particular, these are
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dominantly type-1 AGNSs, i.e., unobscured Seyfert galaxies and
quasars. The AGN fraction and the SFRs inferred for these ob-
jects are comparable to recent observations at similar wavatghs
and point to a scenario in which the submillimeter emission de-
tected by BLAST is mainly due to star formation ongoing in the
host galaxy, rather than to emission from a dusty torus obscurg
the inner regions of the active nucleus.

. We have computed stellar masses for a subset of 92 BLAST coun-
terparts. These appear to be relatively massive objects, with
median mass of 1¥°M , and an interquartile range of 1878
10'Y2M . In particular, a signi cant fraction of them Il the
region ofM», 10'M atz. 1 thatis practically vacant in the
SCUBA surveys, and sparsely populated by 24n-selected sam-
ples. Although the dissimilar volumes sampled by these surveys
discourage a direct comparison of the detection rates of nsase
galaxies, our study suggests that the BLAST counterparts seem
to link the 24 m and SCUBA populations, in terms of both stel-
lar mass and star-formation activity.

. We have highlighted a dichotomy in the BLAST population in
terms of star-formation rate, stellar mass and morphology. Ten
bulk of BLAST counterparts at z. 1 comprises run-of-the-mill
star-forming galaxies, typically spiral in shape, with interme-
diate stellar masses and nearly constant specic SFR. On the
other hand, the higher redshift BLAST counterparts signi cantly
overlap with the SCUBA population, and the observed trends
of SSFR, albeit inconclusive, suggest stronger evolution. Gih
BLAST studies have already described the signi cant overlapxe
isting between fainter BLAST sources and 870m-selected galax-
les, but here we have established an additional link with a shal-
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lower BLAST sample, via an analysis equivalent to that of SHADES.

7. We rule out a temporal connection between the BLAST and
SCUBA populations, in a scenario where BLAST sources would
correspond to SCUBA galaxies whose burst of star formation is
ceasing. This disconnection is consistent with the downsizing-ob
served in optical samples.

The ndings described in this work represent a taste of what shadi
be possible with a signi cantly larger sample of sources. The ireased
sensitivity and resolution of the Herschel Space Observatorywhich
recently started operation, will soon provide vastly increasenumbers
of sources. This will enable signi cantly reduced uncertaintis and
therefore much improved constraints on models of galaxy evoioih
and formation. Nevertheless, the BLAST data have provided a we
valuable benchmark for theHerscheldata and the various analyses
that will emerge for some time to come. Furthermore, the resut
in this work probably will not immediately become obsolete, as en
the much more sensitive SPIRE surveys will have to face the lack o
deeper ancillary data, especially in the optical/NIR and in the rad.
Identifying the precise location of the submm sources will reqe either
deep and very wide-area VLA data, or a combination of MIPS 24m
and PACS, or ultimately ALMA and the Space Infra-Red Telescope for
Cosmology and Astrophysic§SPICA; Swinyard & Nakagawa 2009).
Finally, in order to study the rest-frame optical/NIR of the z > 2
submm galaxies in much more detail than BLAST or SCUBA, future
studies will really require instruments like the Wide Field Camera
3 (WFC3; Kimble et al. 2008) or the James Webb Space Telescope
(JWST; Gardner et al. 2006).



3. MEASURING STAR FORMATION IN MASSIVE HIGH- z
GALAXIES

3.1 Introduction

The observed structural properties of massive galaxie®l¢ & 10'*'M )
at high redshift (z & 1) are di cult to reconcile with those of galaxies
that populate the local Universe. Most strikingly, they are mulks more
compact in size than local galaxies of similar mass (Daddi et al. Z))0
Trujillo et al. 2006). For the spheroid-like galaxy population, he size
evolution has been particularly dramatic (a factor of 4{5 sibpez 2,
see e.g., Trujillo et al. 2007, Buitrago et al. 2008, Damjanov et .al
2009), with subsequent observations con rming these ndingée.g.,
Muzzin et al. 2009, Trujillo et al. 2011). Only a tiny fraction of masive
galaxies in the local Universe have sizes comparable to thosendu
at high redshift (Trujillo et al. 2009). The absence of similar mass
counterparts in the local Universe (Trujillo et al. 2009) implies tha
some mechanism is acting on those high-redshift galaxies tokeahem
grow in size (Hopkins et al. 2009, Bezanson et al. 2009).

In order to understand the mechanism responsible for this Igxy
growth, a crucial point that needs to be addressed is the level das
formation (or star-formation rate [SFR]) in this population. From
an observational point of view, evidence for star formation in as-
sive galaxies at high redshift is unclear, especially for the sgioid-like
population. For example, small samples of high-quality speciscopy
(Kriek et al. 2006, 2009a) nd little or no star formation in this pop-
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ulation; whereas, about 50% of these galaxies appear to have 24
counterparts (Rerez-Gonalez et al. 2008), indicating an elvated level
of star formation. This discrepancy may be due to biases inheteto
their respective SFR estimators, which are either susceptéto errors
in extinction correction and require deep spectroscopic olvgations,
or probe emission from polycyclic aromatic hydrocarbons (PAHsand
thus provide a poor constraint on the thermal spectral eneygdistri-
bution (SED).

An alternative probe of star formation is to observe in the far-
infrared/submillimeter bands (FIR/submm), where emission is pri-
marily from heated dust. It is known that in the local Universe the
dust luminosity in star-forming regions is correlated with SFR (&},
Kennicutt 1998, Chary & Elbaz 2001, Buat et al. 2007), with the mds
actively star-forming galaxies often the most dust obscured even op-
tically thick in the optical/UV (Genzel et al. 1998). Therefore, t is
reasonable to expect that if high-redshift, compact, mass&wgalaxies
are vigorously forming stars, then they should be observable ihé
rest-frame FIR/submm.

However, due to the large beams of current submm telescopes,
source confusion and ux boosting present signi cant obstdes to
studying the star formation properties of anything other tlan the
most luminous galaxies at high redshift (see Chapter 2). For exate,
the 1 noise limit in the 250 m band of HerschelSPIRE is 5.8 mJy
(Nguyen et al. 2010), which corresponds to the ux from galaxies a
z 2 with bolometric FIR luminosities of Lgg 2 10%2L , i.e.,
ultra-luminous infrared galaxies (ULIRGs). As a result, a catalg of
galaxies atz > 2 robustly detected above the confusion noise (3 in
the submm can only probe the bright end of the luminosity distbu-
tion. Stacking provides a mechanism to examine the full disbution,
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provided a reliable external catalog extending to faint uxs is avail-
able (see e.g., Marsden et al. 2009, Pascale et al. 2009).

In this work we perform a stacking analysis using a catalog ofsd
tant massive galaxies from the GOODS NICMOS Survey (GNS; Con-
selice et al. 2011) | which we select to have stellar masse!,
10''M and redshifts 17 <z < 2:9 | on maps from: Spitze/MIPS
(Rieke et al. 2004) at 24 m; HerschelPACS (Poglitsch et al. 2010) at
70, 100, and 160m; the Balloon-borne Large Aperture Submillime-
ter Telescope (BLAST; Devlin et al. 2004, Pascale et al. 2008) at 250,
350, and 500 m; and the Large APEX Bolometer Camera (LABOCA;
Wei et al. 2009) at 870 m. Our objective is to estimate the aver-
age SFRs of high-redshift massive galaxies, and to look for drences
between the disk-like and spheroid-like galaxies.

An alternative approach, based on counterpart identi cation sim-
ilar GNS catalog sources, is carried out by Cava et al. (2010); we
discuss how their results compare to ours in Section 3.5.3.

3.2 Data

We perform our analysis on the Great Observatories Origins De&ur-
vey South eld (GOODS-South), also known as the Extended Chan-
dra Deep Field South (E-CDFS), which has eld center coordinate
3"32m30°%; 27 4820°° Here we brie y describe the catalog and maps.

3.2.1 Mass-selected catalog

Our catalog is the Buitrago et al. (2008) subset of the publiclyailable
GOODS NICMOS Survey (Conselice et al. 2011). Here we summarize
its main features; for a more detailed description see Buitragat al.

1 http://www.nottingham.ac.uk/astronomy/gns/index.htm |
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N Zmedian Ziqr M ? Re n SFR

M) (kpc) (M yr Y

All [ 36] 2.285|1.980{2.500| 1:85 10" | 2.00 | 2.03| 63" [48, 81]
n 2|20 2.285 | 2.085{2.500 1:.93 10' | 2.43 | 1:05| 1223 [100, 150]
n> 2| 16| 2.270 | 1.865{2.625| 1.74 10 | 1.49 | 3:25| 142 [9, 20]

Tab. 3.1 Average properties of stacked sampleR; is the e ective radius. SFR are
corrected to a Chabrier (2003) IMF, and are shown with the cogsponding upper
and lower Gaussian uncertainties, and interquartile rangein square brackets.

(2008), Bluck et al. (2009) and Conselice et al. (2011). The GNS
Is a largeHST NICMOS-3 camera program of 6(H -band pointings
(180 orbits), with limiting magnitudes of H  26:8 (5 ), optimized to
collect data for as many massiveM,» & 10**M ) galaxies as possible
at high redshift (1.7 < z < 2:9), making it the largest sample of such
galaxies to date. Of these, 36 are in the southern eld for whichev
have infrared and submm maps.

Redshifts and stellar masses of these objects are calculatesing
the BVRIizJHK lters. Photometric redshifts are found using gan-
dard techniques (e.g., Conselice et al. 2007), while spectroscogad-
shifts for 7 objects are compiled from the literature. Stellar nsses of
these objects are estimated by tting the multi-color photonetry to
model SEDs | produced with stellar population synthesis modes |
resulting in uncertainties of 0.2dex (e.g., Bundy et al. 2006).

Additionally, due to the excellent depth and resolution of the NC-
MOS images (pixel scale after resampling of G%ixel 1, and a point-
spread function [PSF] of 0.%full width half maximum [FWHM)]), we
are able to estimate the Sersic (1968) indices and sizes okthbjects
using the GALFITcode (Peng et al. 2002). Average properties of the
sources used in our analysis are listed in Table 3.1.

Besides being optically-selected, these galaxies are not @by
any other criteria than mass and redshift, and therefore caist of a mix
of di erent galaxy types, including: distant red galaxies (DR@) from



3. Measuring star formation in massive highz galaxies 93

Papovich et al. (2006), IRAC-selected extremely red object$5ROSs)
from Yan et al. (2004), and BzK galaxies from Daddi et al. (2007 )fur-
thermore, the deep limiting H -band magnitude greatly exceeds that
of the expected upper bound for dusty subomm galaxies 23.3 mag,
Frayer et al. 2004), so that we are con dent that we are not missg
the dustiest galaxies due to attenuation. Lastly, it is expecte that
this selection of galaxies closely approximates the true ratid ced to
blue galaxies in these mass and redshift ranges.

3.2.2 Spitzer

We use the publicly availableSpitzef/MIPS map at 24 m from the
Far Infrared Deep Extragalactic Legacy Survey (FIDEL; Dicknson
& FIDEL team 2007), data release 2 (DR2). The 5 point source
sensitivity of this map is 0.03 mJy.

3.2.3 PACS

We use publicly availableHerschelPACS (Poglitsch et al. 2010) ob-
servations of the GOODS-South eld from the PACS Evolutionary
Probe (PEP3; Lutz et al. 2011) survey. The data is re-processed with
the HerschelProcessing Environment (HIPE, continuous integration
build number 6.0.2110; see Ott 2010). The PEP survey is designed
to provide data in all three PACS bands; since PACS can only ob-
serve in two bands simultaneously | at 160 m (red) and either 70
(blue) or 100 m (green) | we use two sets of observations to pro-
duce maps at all three wavelengths. We combine the available gee
observations using the standard PACS pipeline, choosing a higass
Iter parameter of 20 for the blue and green bands, and 30 fohe red

2 http://data.spitzer.caltech.edu/popular/ del/l200709 17_enhanced/docs/ del_dr2.html
3 http://www.mpe.mpg.de/ir/Research/PEP/
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band (corresponding to suppression of scales larger than 40 &6@#°
on the sky, respectively; see Mler et al. 2011a). In order to prevent
ringing e ects around bright sources caused by the high-psdter, the
pipeline performs an initial crude reduction and automatic#f masks
out the brightest sources in the subsequent iterations of deHghing
and ltering. The rms depths of the nal maps are 0.31, 0.44, and
1.5mJy at 70, 100, and 160m, respectively.

As reported by Meller et al. (2011a), the relatively strong high-
pass lIter adopted along with the masking of the bright sources ay
attenuate the nal photometry of faint sources. To test and acount
for the combination of these e ects in our specic case, we pdoce
maps of a few, isolated, unmasked, faint point sources of di ere ux
density, using the same parameters employed in the reductiah the
GOODS-South maps; we then mask these sources out, and createv
maps. We use the average ratio of the ux densities of the sarseurces
in the two maps as our estimate of the attenuation factor due tthe
high-pass lIter. We nd that the magnitude of the attenuation mildly
increases for increasing wavelengths, as expected given thegshof the
1/f noise over the relevant frequency rangéd (f %3; Lutz et al. 2011).
The estimated attenuation factors are 0.80, 0.78, and 0.75 at 7100,
and 160 m, respectively. Note that a slightly di erent approach is
followed by Lutz et al. (2011), who perform tests on the red bandyb
adding simulated sources to the timelines before masking andyh-
pass lItering; they nd that the Itering modies the uxes b y 16%
for very faint unmasked point sources. Despite the slight digeeement
with our nding at 160 m, and because of the lack of an estimate for
the blue and green bands from the PEP team, we choose to adopt
our three estimated factors for consistency. The above atteation
factors are therefore used in our subsequent analysis to catr¢he
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measured PACS ux densities and their uncertainties for atteuation
due to Itering and source masking.

3.2.4 BLAST

We refer to Section 2.2.1 of this thesis for a description of tH&L.AST
dataset. Figure 3.1 depicts how the BGS-Deep region completain-
compasses the southern sources in the Buitrago et al. (2008)atag.

3.2.5 LABOCA

The LABOCA E-CDFS Submm Survey (LESS; Wei et al. 2009) pro-
vides deep 870m data, with an rms depth to better than 1.2 mJy
across the full 38 3 eld, with an e ective resolution of 27°°FWHM.
For a detailed description of the instrument see Siringo et al2009).

3.3 Method

3.3.1 Stacking formalism

Stacking is a well established technique for nding the averagprop-
erties of objects which individually are undetectable by usingxternal
knowledge of their positions in a map (e.g., Dole et al. 2006, Wang
et al. 2006, Marsden et al. 2009, Pascale et al. 2009). We follow the
formalism of Marsden et al. (2009; hereafter M09), which we review
and expand in Appendix A. Here we summarize the salient features
of the technique.

MO9 show that the mean ux density of an external catalog is sim
ply the covariance of the mean-subtracted map with the catadp di-
vided by the variance of the catalog density. If the catalogsiPoisson-
distributed, then a powerful diagnostic is that the variance othe
source density should equal the mean, and the average ux dégs



3. Measuring star formation in massive highz galaxies 96

Fig. 3.1 GNS catalog positions (white circles, 38n diameter, solid aren  2; dashed
aren > 2) overlaid on a 20 2(®Pregion of the BLAST 250 m map in GOODS-South.
The map is convolved with a matched- Iter (see Chapin et al. @L1) to help enhance
the regions of submm emission. Most of the sources in our datglie along regions
of faint emission. Note that the BLAST beam is many ( 18{30) times larger than
a resolved galaxy, necessitating the stack. Furthermordnse the angular resolution
of HerschelSPIRE images will only improve by a factor of two, stacking wi still be
required to understand the FIR/submm properties of the faihpopulation.

can be re-written as the mean map value at the position of each eat
alog source (see Appendix A). This is true no matter what the size
of the beam or surface density of sources in the map, so long as th
sources are uncorrelated at the scale of the beam. The algoritigrex-
tensively tested with Monte Carlo simulations on mock random aps



3. Measuring star formation in massive highz galaxies 97

with increasing source densities, and is shown to consistentlgcover
the correct mean ux density, with no dependence on the numbeaf
sources per beam (Figure 3.2). If however the catalag clustered on
the beam scale, the stacked ux will be biased high, compared the
properly normalized covariance, by a factor equal to the catag vari-
ance at the beam scale divided by the mean source density. Ineth
following section we show that this factor is consistent with uty for
our data.

Uncertainties and possible biases of our measurement ararested
by generating random catalogs and stacking them on the actuaaps
themselves. We nd that the uncertainties are Gaussian-digbuted
and scale as the map rms (including confusion noise) dividedg ke
square root of the number of catalog entries (see Appendix A).

3.3.2 Testing the Poisson hypothesis

Stacking provides an unbiased estimate of the mean ux only ven the
sources in the sky are uncorrelated. While massive galaxies @deen
shown to cluster quite strongly (e.g., Foucaud et al. 2010), wend
that on scales relevant for this analysis they are essentially Bson-
distributed, as we show with the following tests:

1) In the presence of clustering, the FWHM of the postage-stgnof
stacked sources would be larger than the nominal instrumentalSF.
We compare our measured stacked 24n PSF to that measured from
stacking the sources used in M09 (Magnelli et al. 2009), which are
shown to be Poisson-distributed (see Figure 3 of M09), and nd tha
they are identical to within  0.6°%(one tenth of the PSF FWHM).

2) If the sources are Poisson-distributed over a given scale, thiey
de nition the average number of sources in a cell of that size shld
equal the variance. We test that by dividing the eld into equa sized
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Fig. 3.2 Histograms showing the ratio of recovered stacked xes to true ux for
10,000 simulations. The stacks are performed on simulate®8ded maps based on
a random catalog of 12,500 sources, with size and source d@sstypical for deep
24 m MIPS catalogs. We repeat the test for six beam sizes in thenge 10{60°
which probe the e ects of stacking at source densities ramgj from 0.4 to 16 sources
per beam. As described in Section 3.3.1 and in M09, larger beatead to larger
uncertainties, but in all cases, the stacked values are castent with the true catalog
ux, showing that there is no bias when stacking on uncorretad catalogs.

cells, from 2.7 to 0.22%on a side, and nd that the ratio of the variance
to the mean is consistent with unity at all scales.

3) In the presence of strong clustering around massive galesiwe
would expect to nd more sources per beam surrounding the galies
than would be found at random. We calculate the number of soces
inside a BLAST beam radius at the locations of each massive galaxy
and compare that to what we would expect at random. From 1,000
Monte Carlo simulationswe nd 110 0:13, 116 0:17,and 128 0:21



3. Measuring star formation in massive highz galaxies 99

sources per beam at 250, 350, and 506, compared to the measured
1.04, 1.13, and 1.17, respectively. We extend this test to galaxieith
log(M,=M ) > 9 (catalog provided by Kevin Bundy, private commu-
nication), to account for the possibility of less massive galas clus-
tering around our more massive ones. We nd there are85 0:40,
3:83 0:51, and 597 0:73 sources per beam at 250, 350, and 501,
compared to the measured 2.53, 4.04, and 5.87, respectively. Thus
while there are multiple sources per beam at all wavelengths, daise
their distribution is consistent with a Poissonian, they do not s the
result.

There still remains the possibility, however, that even fainterun-
detected sources (with ux densities< 13 Jy at 24 m) may cluster
around detected ones. We can estimate their potential combution in
the following way. If clustered, faint sources contribute sig cantly
to the stacked ux density for large beams, then after convolng the
24 m map (whose beam FWHM is @ with a much larger beam, we
would expect the stacked ux density to increase. On the othdrand,
as described in the previous section, if the faint sources areifson-
distributed, then we would expect only the noise to increase. &nd
that after convolving the 24 m map with a 60°beam, the stacked
ux density per source is 008 0:11mJy, compared to the original
0:081 0:005mJy (see Table 3.3). Thus, the stacked signal does not
change, but the errors increase substantially, which is consistewith
what we would expect from additional, Poisson-distributed saaes in
the beam. We therefore conclude that the contribution from fat
clustered sources is negligible.
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3.3.3 SED tting, IR luminosities, and star-formation rates

We model the thermal dust emission as a modi ed blackbody withra
SED of the form:
S =A B(;T); (3.1)

whereB( ; T) is the blackbody spectrum, of amplitudeA, and is
the emissivity index, which we x to 1.5 (Hildebrand 1983). Further
more, we replace the mid-infrared exponential on the Wien sdof
the spectrum with a power-law of the formf / (with = 2,

following Blain 1999, Blain et al. 2003) to account for the variability
of dust temperatures within a single galaxy (see also Sectior82 of
this thesis). Our SED tting procedure estimates the amplitwe and
temperature of the above template, keeping and  xed.

For the BLAST points, the SED tting procedure (described in de-
tail in Chapin et al. 2008) takes the width and shape of the photone
ric bands into account, as well as the absolute photometric ldaration
uncertainty in each band (see Truch et al. 2009). Correlations éu
to instrumental noise are estimated and accounted for with a Mie
Carlo procedure. Because we do not possess similar detailed data
SpitzeMIPS and LABOCA, these photometric points are not color-
corrected, whereas we do apply a color-correction to the PACSipts,
following the standard procedure described in Mler et al. (2011b; see
their Table 4.2, for a power law ?); the color-correction factors are
1.016, 1.012, 1.017 at 70, 100, and 160 um, respectively, and have
negligible impact on the nal results. The PACS points are assumed
to have completely uncorrelated instrumental noise among bds.

The portion of noise arising from source confusion may be high
correlated among bands; if that is in fact the case, correlatedmfusion
noise must be accounted for in the t, as these correlationsaace the
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Table 3.2. Correlations among all bands under analysis

Band Pearson Correlation Matrix
[mM] 24 m 70m 100 m 160 m 250 m 350 m 500 m 870 m

24 1 0.11 0.13 0.23 0.35 0.28 0.22 0.05
70 1 0.92 0.77 0.22 0.15 0.08 0.006
100 1 0.86 0.27 0.19 0.11 0.007
160 1 0.44 0.33 0.20 0.04
250 1 0.70 0.62 0.11
350 1 0.70 0.14
500 1 0.13
870 1

signi cance of a combination of single band detections. Wesmate
the Pearson coe cients of the correlation matrix for all bandg (see Ta-
ble 3.2) from the beam-convolved maps, within a region of 0.064e
that encompasses all the sources in the GOODS-South NICMOS cat-
alog. We nd that correlation e ects are indeed important, espeially
among PACS and BLAST bands (see also Section 2.9,2and thus
include them in the SED tting algorithm.

SEDs are corrected for redshift by assuming the median redtHor
each subset (see column 3, Table 3.1). Interquartile errors eeting
the uncertainty in dimming due to the width of the redshift bin are
estimated with a Monte Carlo, where 1000 mock redshifts with the
same distribution as the chosen subset (i.e., all, disk-like, angreeroid-
like) are drawn, and the dimming factor for each redshift is calcated.

The resulting infrared luminosity, Lgr, is conventionally the inte-
gral of the rest-frame SED between 8 and 100@n, and the SFR is
estimated using Equation (2.1) of this thesis, which assumeslfeter
(1955) initial mass function (IMF). In order to compare our rsults to

4 The slight discrepancy with the BLAST numbers as reported Table 2.1 for the whole BGS-Deep
can be explained by the particular sky coverage under analys.
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Band All n 2 (disk-like) n> 2 (spheroid-like)
( m) (mJdy/source) (mJy/source) (mJy/source)

24 0081 0:005 Q130 0:007 Q020 0:007

70 Q16 007 036 0:09 0:05 0:10
100 039 0:.09 084 0:13 0:17 0:14
160 2 03 29 05 0:66 0:50
250 50 29 93 39 03 44

350 79 23 107 31 45 35

500 53 1.9 62 26 42 29

870 Q97 0:26 103 0:35 Q9 04

Tab. 3.3 The mean ux densities of massive galaxies in the GN&talog from stack-
ing. Reported are the results for all of the sources, as wel #hose identi ed as
disk-like and spheroid-like, based on their Srsic indisen.

those of other relevant studies in the literature, we convert & SFRs
to a Chabrier (2003) IMF by lowering log(SFR) by a factor 0.23 dex
(e.q., Kriek et al. 2009a, van Dokkum et al. 2010).

3.4 Results

3.4.1 Stacking results

Stacking results and 1 uncertainties are reported in the second col-
umn of Table 3.3. We nd statistically signi cant, non-zero siquals in
all the submm bands, with 2, 3, 3, and 4 detections at 250, 350, 500,
and 870 m, respectively, as well as robust 16, 3, 4, and 4detections
at 24, 70, 100, and 160m, respectively.

Next, we divide the catalog by Sersic index into: those witm > 2,
which are spheroid-like and thus more likely to have suppresseihrs
formation; and those withn 2, which are disk-like and thus more
likely to be actively forming stars (Ravindranath et al. 2004). Tle re-
sults are listed in the third and fourth columns of Table 3.3. At 24 m,
we measure a distinct signal from both populations, with 19 and 3
detections from the disk-like and spheroid-like sources, resgively.
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At longer wavelengths, for the disk-like population we detectignals
with greater signi cance than that of the combined catalog, btween
2.5 and 6.5 in each FIR/submm band; whereas for the spheroid-like
population we nd a much weaker signal, with four bands congent
with zero.

While the error on the stacks is Gaussian, the uncertainty assiated
with the average rest-framelLrr is dominated by the width of the
redshift distribution, which is not Gaussian. Hence, as anticgied in
the previous section, we choose to adopt far, Lrr, and SFR the
median value as our best estimate and the interquartile range #se
associated error, because these best re ect the asymmesi@pe of the
redshift distribution, which ultimately determines the uncetainty of
our measurement. However, we also quote the Gaussian uncentias.
We anticipate that the lower Gaussian errors o, Lgr, and SFR for
the spheroid-like subset exceed the lower bound of the interqtike
range, and re ect the elevated level of uncertainty in our measement.

3.4.2 Contribution of stellar emission

At z 2.3 the observed 24 m band probes rest-frame wavelengths
of 6{8 m, which in addition to PAH emission, is where the Rayleigh-
Jeans tail of stellar emission lies. Thus it is possible that stellamas-
sion could contaminate our measurement, considering the na¢ and
stellar masses of our sample. To investigate this potentialds in our
analysis, we calculate the predicted 24m observed ux densities due
to stellar emission using the redshifts and stellar masses as par cat-
alog (see Section 3.2.1). We opt to use a galaxy template with solar
metallicity and an exponentially declining SFR with an e-folding tne
of 500 Myr, generated with the stellar population synthesis de PE-
GASE.2 (Fioc & Rocca-Volmerange 1997). Output from non-stellar
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emission or evolving main-sequence stars is not included, as thearse
of non-stellar emission at 7m is assumed to be the same as that of
the FIR emission. Assuming a formation redshift oz = 9, the galaxy
ages range from 1.5 to 3Gyr and the predicted 24n ux densities
due to stellar emission range from 1.3 to 8.8y, depending primarily
on the galaxy's redshift. For each stacked sample, we nd there-
dicted contamination per galaxy from stellar emission to be at nsb

50% of our error on the stacks (Table 3.3), with amounts of 3.0,
2.9, and 3.9 Jy for the entire sample, the disk-like and spheroid-like
populations, respectively. Therefore, the 24m ux densities included
in our analysis are primarily dominated by non-stellar emission (bt
and PAH), and we choose not apply any correction to them.

3.4.3 Best-t SEDs and star-formation rates

The best- t SED and interquartile range to the stacked values ofhe
complete catalog are shown in the left panel of Figure 3.3 (which we
choose to display full-page and rotated for visual clarity)correspond-
ing to a median (plus/minus Gaussian) [interquartile] temperatte of
T = 29:4*}% [27:3;316] K, luminosity of Lrr = 6:2"%5 [47,8:0]
10'L , and SFR =63} [4881]M yr .

We check the validity of our modi ed blackbody approximation ly
comparing to the templates of Chary & Elbaz (2001; hereafter GR).
For each of the 101 templates, we approximate the stacked SHiy
taking the average of templates shifted to the redshift of eh galaxy
in the catalog; this acts to smear out the otherwise highly-vaable
PAH region of the rest-frame SED probed by the 24m band. We t
the resulting template to our photometric points without accaointing
for calibration uncertainties, color corrections, or coriations among
bands. The best-t template is shown as a 3-dot-dashed line in Fig-
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ure 3.3, and falls well inside our error region. However, the SFR o
the best- t template is SFR =87M yr !, whichis 38% larger than
our modi ed blackbody estimate, and lies outside the interquaite
range. This overestimate arises because the t with the CEO1 tem
plate does not include the substantial correlations among bds (see
Section 3.3.3), which reduce the signi cance of the combinatioof
individual photometric points.

We then separately t the stacked ux densities measured foridk-
like and spheroid-like galaxies. The best-t modi ed blackbody ED
for the disk-like population is shown in the center panel of Figure.3,
and results in a median (plus/minus Gaussian) [interquartile] tepera-
ture of T = 32:6"19[30:8; 34:6] K, luminosity of Lrg = 12:0":8 [9:8; 14:8]
10''L , and SFR = 1223 [100 150]M yr 1. The best-t CE01 tem-
plate is also shown, and corresponds to a SFR = 18P yr 1.

Likewise, the best- t modi ed blackbody SED for the spheroidlike
population is shown in the right panel of Figure 3.3, and results in
a median (plus/minus Gaussian) [interquartile] temperature ofl =
27:6'%2 [24:2; 30.8] K, luminosity of Lgr = 1:4*%2 [0:9;2:0] 10'L
and SFR = 143 [9;20]M yr 1. Note that the lower Gaussian errors
exceed the lower bound of the interquartile range, thus re ectg the el-
evated level of uncertainty in our measurement. Once again, tlest-

t CEOL template is shown, which correspondsto a SFR = 181 yr 1.

Thus, although the best-t SED to the combined stack returns a
robust, 4 detection, it is clear that the signal is dominated by the
disk-like,n 2 galaxies, which are detected at 5. The best-t to the
spheroid-like,n > 2 galaxies, on the other hand, returns a marginal
2 result, which suggests, but does not formally detect, a low level o
star formation taking place in the spheroid-like population.
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3.5 Discussion

3.5.1 Consequences for galaxy growth

There are indications that massive galaxies at high redshift arthe
cores of present-day massive ellipticals (Hopkins et al. 2009%Z&nson
et al. 2009), and that the growth of these galaxies takes place stly
in the outskirts via star formation and minor mergers (Hopkins teal.
2009, van Dokkum et al. 2010) | a process sometimes referred tas
\inside-out" growth, which has also been observed in hydrodynawcal
cosmological simulations (Naab et al. 2009, Johansson et al. 2009
Oser et al. 2010). Furthermore, van Dokkum et al. (2010) nd thiaa
SFRof 55 13M yr 'atz 2is necessary to account for the mass
growth they observe in massive galaxies selected by number dgnsi
from z = 2 to the present day, and that for z & 1.5 the mechanism
for growth is primarily star formation. At rst glance, the level of
star formation we measure in galaxies witm > 2 appears too low to
guantitatively endorse this scenario; however, we note thaearly half
of their z 2 subsample of massive galaxies has< 2 (see right panel
of their Figure 7) | a fraction similar to our own. While it is di cult

for us to quantify the magnitude of this contamination to the gioted
SFR, our measurement of 63 [481]M yr ! for the entire sample may
be a fairer term of comparison Though this agrees well with their
nding, and hence is qualitatively consistent with a picture ofgradual
growth in the outer regions due to star formation, it may be morera
indication of how sensitive the signal is to contamination frordisk-like
galaxies. We conclude that the our data do not manifest convimg

5 We verify that the quoted SFR can be compared to our measurenmas without a signi cant
correction due to di erent assumed IMF. In fact, van Dokkum et al. (2010) use a Kroupa (2001)
IMF, which yields SFRs and stellar masses that are a factor B smaller (Marchesini et al. 2009)
than those obtained with a Salpeter (1955) IMF; our correction factor of 0.23dex to a Chabrier
(2003) IMF is only 6% di erent.
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enough evidence to envision star formation as the mechanismving
the expansion in spheroid-like galaxies.

3.5.2 Potential contribution from other sources of dust heaip

Star formation may not be the only explanation for infrared enssion
in our sample, which consists of very massive, yet relativelpyng sys-
tems. The age of the universe by = 3{1.8, isjust 1.5{3 Gyr, provid-
ing a strict upper limit on the ages of the stellar populations. If tese
galaxies formed the bulk of their stellar mass, as their colossiggest,
early on, then it is likely that they contain a large population of fars
undergoing post-main-sequence phases in which carbonaceoustyd
material is being produced and heated by very luminous stars. \Wé
it is generally accepted in the current versions of stellar populan syn-
thesis models (Maraston 2005, Bruzual 2010, Conroy & Gunn 251
that thermally-pulsating asymptotic giant branch (TP-AGB) stars can
contribute up to 70% of the emission seen in the near-infrarechbds
at ages of 1-2 Gyr, there has been little work calibrating the glalb
contribution of this population to a galaxy's infrared luminosty. By
extension, given the masses and ages of our galaxies, we camulgt
out the possibility that the infrared emission we detect in our ang-
sis is partially due to dust heated and created by post-main-segpice
stars.

3.5.3 Red and dead?

Our best-t SED to stacked data does not correspond to a fornha
detection of star formation in the spheroid-like 1§ > 2) galaxies, how-
ever, the high 24 m ux might indicate a non-zero star formation
rate. Though we have stated that 24 m emission alone is insu cient
for accurately estimating the overallevelof star formation in a galaxy,



3. Measuring star formation in massive highz galaxies 109

locally, 24 m emission is typically well correlated with star-forming
regions (Calzetti et al. 2007, Kennicutt et al. 2009). Additiondy,
emission from evolved stars seems unable to account for the leok
24 m emission observed (Section 3.4.2). Therefore, it seems plalssib
that star formation may be occurring in these galaxies at somevel.
Furthermore, if a low level of star formation does indeed exist,ivgn
the noise properties of our maps, the only bands which would npeit

a signi cant detection are the 24 and 870m bands | those in which
our measurements have signal-to-noise greater than 2.5.

If star formation is occurring in the spheroid-like galaxies, @n at
a low level, and if they are fair analogs of the apparently red-drdead
compact spheroids seen by e.g., Kriek et al. (2009b), then why is it
that star formation is not signi cant in ultra-deep spectrosopy? One
possibility is that the star formation is localized in very dust-obsured,
clumpy regions. The standard hierarchical picture of galaxyrgwth
is currently being contested by new galaxy growth models where at
high redshift massive galaxies are mainly built up through di ge gas
accreting along cold ows (Dekel et al. 2009, Keres et al. 2009). An
observational signature of this is highly clumpy star formaon (Bour-
naud & Elmegreen 2009), whereby the majority of the star forntimn
would be dust obscured and emitted in the infrared.

In fact, although Kriek et al. (2009b) detect a faint H line, con-
cluding that SFRs are at most 1{3V yr 1!, that is after correcting
for a very moderate amount of extinction A, = 0{0.3 mag). For this
galaxy to actually be forming around 1M yr 1, Ly would need to
have been underestimated by a factor of 3.5{7, which corresponds
to 1.4{2.1 mag of extinction. Considering that resolved obsenians
of nearby galaxies showing extinction values &, > 3 are common
in H 11 regions (Prescott et al. 2007) and regions of high star forma-
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tion (Mentuch et al. 2010), this amount of extinction is not unral-
istic. However, this does not mean that we expect star formatoto
be ubiquitous across these galaxies. Had star formation beerona
widespread, and ongoing over 10{500 Myr, then it would have bee
detected in optical images, but the rest-frame UV and optical ¢ors
do not support that scenario. Rather, we interpret the signahs galax-
ies having clumpy regions of star formation, on timescales ofLO Myr,
which lead to the low observed H line emission, but stronger infrared
emission. Overall, these galaxies are red and evolved, with most o
their stellar mass set in place long ago. This picture is consistesith
the recent ndings of Bauer et al. (2011).

Lastly, we report that our results are in slight disagreement \ih
Cava et al. (2010), who (after correcting by 0.23 dex due to di erees
in assumed IMF) nd average SFRs of 147{178 yr ! for disk-like
galaxies and 30{60 yr ! for spheroid-like galaxies. Note that their
average SFRs are based on photometry of individual galaxieszt m,
and at 250, 350, and 500m from HerschelSPIRE; however, we point
out that their mean detection fraction for the spheroid-like ppulation
Is 0.4at24 mand 0.15 at 250 m. Furthermore, their SED tting
routine does not account for correlations among bands due source
confusion, which, albeit certainly smaller for SPIRE than for BAST,
undoubtedly reduce the signi cance of the combined detec.

3.6 Concluding Remarks

Our goal was to search for evidence of star formation in higledshift
massive galaxies, with the hope of leading to a better undersiding
of the mechanisms responsible for their growth. We found thain
average the full catalog of sources are forming stars with a mad
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(plus/minus Gaussian) [interquartile] SFR = 63%} [4881]M yr 1,
which can be decomposed into a relatively strong signal for tlusk-
like galaxies, with a median [interquartile] SFR = 12243 [10Q 150M yr 1,
and a marginal signal for the spheroid-like population, with anedian
[interquartile] SFR = 14*% [9;20]M yr .

The level of star-formation detected for the full catalog is in gud
agreement with other measurements of galaxy growth (e.g., van Kkam
et al. 2010), which show that star formation can account for mosf the
growth at these redshifts. However, despite having detectethsked
emission at 24 and 870m, we are unable to say convincingly that
star formation is responsible for the dramatic size evolutioof the
spheroid-like population.

Lastly, though a red sequence appears to already be in place by
z 2 (Kriek et al. 2009a), we found hints that perhaps the red,
compact, spheroid-like galaxies may not be completely dead. tke
stacking work with larger catalogs and better maps will go a long wa
to further understanding this question. Deeper and higheresolution
data bracketing the peak withHerschelSPIRE (Grin et al. 2010),
will make more robust estimates of the SED possible, and will griba
increase our understanding of star formation in high-redshifmassive
galaxies.



Part Two



4. THE BLAST-POL INSTRUMENT

4.1 Introduction

BLAST-Pol, the Balloon-borne Large Aperture Submillimeter Tele-
scope for Polarimetry, is a stratospheric 1.8 m telescope whichaps
linearly polarized submillimeter (submm) emission with bolometric de
tectors operating in three 30% wide bands at 250, 350, and 508.
BLAST-Pol's di raction-limited optics are designed to provide a es-
olution of 36°Y 42°0 and 6(at the three wavebands, respectively. The
detectors and cold optics are adapted from those of the SPIREstru-
ment (Gri n et al. 2010) on Herschel(Pilbratt et al. 2010).
BLAST-Pol is a rebuilt and enhanced version of the BLAST tele-
scope (Pascale et al. 2008), with added linear polarization capktyi
As described elsewhere in this thesis (see Chapters 2 and 3), BLAST
was designed to conduct confusion-limited, wide-area extrdgetic and
Galactic surveys at submm wavelengths from a balloon platform
BLAST had two Long Duration Balloon (LDB) ights. The rst
was a 4-day ight from Kiruna, Sweden in June 2005 (BLASTO05). Un-
fortunately the telescope was found to be out of focus, due &opossi-
ble damage of the primary mirror during the launch or ascent, sihe
telescope was restricted to observing bright Galactic targge BLAST
was repaired and own again over Antarctica in December 2006 for
11 days (BLASTO06). In a rather eventful landing, the telescope as
largely destroyed, but the pressure vessel containing the rdadrives,
which stored all of the experiment data, was recovered. Durinipe
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very successful BLASTO06 ight, multiple deep, large-area mapsere
obtained for Galactic and extragalactic elds. The BLAST06 cam-
paign has left a legacy of fantastic science results, some of whiel
have rst-handedly derived in the rst part of this thesis. In addi-
tion to the hard drives, the mirrors, detectors and receiver are all
recovered, and have been used in the construction of BLAST-Pol.

With the addition of a polarimeter, BLAST has now been trans-
formed into BLAST-Pol, a uniquely sensitive instrument for probiig
linearly polarized Galactic dust emission. In January 2011, BLAST-
Pol successfully completed its rst 9.5-day ight over Antarctca. Ten
science targets were mapped with unprecedented combined mizmgp
speed and resolution; the data are currently being analyzedrhese
observations comprise an exciting dataset for studying thele played
by magnetic elds in star formation (see Chapter 1).

BLAST-Pol will ultimately yield maps of the inferred magnetic
elds across entire Giant Molecular Clouds (GMCs), with su cient
resolution to probe elds in dense lamentary sub-structure and molec-
ular cores. The experiment provides a crucial bridge betwedhe
large-area but coarse-resolution polarimetry provided by periments
such asPlanck (5° resolution; Planck Collaboration 2011) and the
high-resolution but limited eld-of-view (FOV) maps of the Atacama
Large Millimeter/submillimeter Array (ALMA; Wootten & Thomp-
son 2009). Finally, the BLAST-Pol observations are complemema
to those planned with the SCUBA-2 polarimeter (Bastien et al. 2005)
at 850 m, as the disadvantage in mapping speed due to the smaller
pixel count of BLAST-Pol is almost completely compensated by the
increasing ux density at shorter wavelengths.
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4.2 Optical Design

BLAST-Pol is equipped with a Cassegrain (Ritchey{Chetien) tele-
scope consisting of a 1.8 m hyperbolic primary mirror (M1) and a 4bn
correcting secondary (M2). The eld of view of the telescopd 250 m
is 13.%9 6.5 at the Cassegrain focus. This system redirects the light
to a series of cryogenically cooled (1.5K) re-imaging optics (MB14,
M5) arranged in an O ner-relay con guration, where M4 is a Lyot
stop (a cold image of the primary mirror) that blocks stray radation
due to scattering and di raction. Figure 4.1 shows a schematic die
optical path of the telescope; Figure 4.2 is a close-up picturé the
cold optics box taken just before the cooldown in November 2010. &h
BLAST-Pol telescope and receiver parameters are listed in Tablel4

Telescope: temperature ambient
primary diameter 1.8m
e ective focal length 9m
f# 5
antenna e ciency 80%
emissivity 0.06
Detectors: bolometer optical NEP D 10 ¥ WHz 2

bolometer quantum e ciency 0.8
bolometer feed-horn e ciency 0.7

throughput for each pixel A = 2 (2f feed-horns)
Bands: central wavelengths 250 350 500n

number of pixels 149 88 43

nominal beam FWHM 36 42 60 arcseconds

eld of view for each array 65 135 arcminutes

overall instrument transmission 30%

Iter widths ( = ) 3

observing e ciency 90%

Tab. 4.1 Nominal or measured parameters of the BLAST-Pol telespe and receiver.

Radiation from the telescope undergoes many stages of optid-
tering before it reaches the detectors. The rst stage of low-paslters
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Fig. 4.1 Schematic of the optical layout for the BLAST-Pol tetscope and receiver
is shown on the left, with the 1.5K optics, located within thecryostat, shown in an
expanded view on the right. The image of the sky formed at th@eput aperture is re-
imaged onto the bolometer detector arrays at the focal pland’he M4 mirror serves
as a Lyot stop, which de nes the illumination of the primary mrror for each element
of the bolometer detector arrays. The three wavelength basdre separated by a pair
of dichroic beam-splitters (not shown here, but clearly visle in Figure 4.2). The
sapphire half-wave plate (HWP; see Section 4.5) is also shqumounted 19.174 cm
from the Cassegrain focus of the telescope.

rejects high-frequency thermal emission, which more predisele nes
the band passes and minimizes the thermal loading within the cryo
stat. A series of metal-mesh lters reject short wavelengtinadiation
at each of the 4 thermal stages of the cryostat. Once inside tlogp-
tics box, radiation emerging from M5 is split into three frequety
bands by low-pass edge dichroic lters, which allow us to image the
sky simultaneously at 250, 350 and, 500n. The rst dichroic lter

re ects wavelengths shorter than 300m and transmits longer wave-
lengths. This re ected light is directed onto a Iter directly in front
of the 250 m array, which re ects wavelengths shorter than 215m,
and is further de ned by the waveguide frequency cut-o at theexit
of each of the feed-horns coupled to the detector array. Fohe 350
and 500 m arrays, the band is de ned at the short-wavelength end
by the transmission of the dichroic Iter and at the long-wavedngth
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Fig. 4.2 Close-up photograph of the cold optics box taken dmg the BLAST-Pol
ight campaign, just before the cryostat cooldown in Novembe2010. Clearly visi-
ble are: on the left side, the spherical mirrors M3 and M5; thevo dichroic beam-
splitters, which separate the three wavelength bands; théitee bolometer detector
array (BDA) assemblies with the polarizing grids installed fee Section 4.5). Less
visible, right in the center of the optics box, is the circulaLyot stop (M4), whose op-
tical surface faces M3 and M5. Most of the optically-inacte surfaces are blackened
to prevent unwanted re ections from stray light. Photo credts: Matthew Truch.

end by the waveguide cut-o. Each band has a 30% width. For a
review of the metal-mesh Iter technology, see Ade et al. (2006 he
combined frequency performance of the stack of Iters is maagd via
Fourier transform spectroscopy during the integration campgn at the
Columbia Scienti ¢ Balloon Facility (CSBF), Palestine (TX), in June
2010. We nd that the relative spectral response of the threBLAST-
Pol channels is identical to that of BLASTO06 (see bottom panel of
Figure 2 in Pascale et al. 2008), as expected given that the spea-c
tions of the whole Iter chain have not changed. We also verifyhat
having the dichroic Iters tilted by an angle with respect to the optical
path (see Figure 4.2) produces negligible amounts of unwantedtins
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mental polarization. To this end, we measure with a polarizingdurier
transform spectrometer (pFTS; brie y described in Section 2.5.1) the
spectral performance of the dichroic lters tilted by 45, and nd that

to rst order they do not induce signi cant spurious polarization in a
polarization-sensitive receiver.

Although the primary mirror was recovered after the destructio of
BLASTO06, we decided that a new primary mirror was needed. The sur-
face of the new mirror has an rms of 1.0 m, with the overall shape of
the mirror good to 10 m. The secondary mirror was also recovered
after BLASTO06, and has been reused for BLAST-Pol (after resurfang
to remove some scratches). The estimated antenna e ciency tfe
telescope is> 80%, with losses caused by both the roughness of the
primary and the quality of the re-imaging optics. More informaibon
about the optical design and performance of the BLAST telespe can
be found in OImi (2002) and Pascale et al. (2008).

Temperatures of the primary and secondary mirrors do not renra
constant throughout the ight. Diurnal temperature variations of

10 C have been observed in previous BLAST ights (Pascale et al.
2008). These thermal variations result in changes to the radif cur-
vature of various optical surfaces. To compensate, the pben of the
secondary mirror with respect to the primary can be changed inght
by three stepper motor actuators. These actuators are also s set
the original tip/tilt alignment of the secondary (see Rex 2007)Anal-
ysis of the BLAST optical system indicates that the distance beteen
the primary and secondary mirrors must be kept to within 100m to
avoid signi cant image degradation at the shortest wavelengtband.

Because of the insertion of a 2.5 mm-thick sapphire half-wave
plate (HWP; see Section 4.5 and Chapter 5) in the optical path,
we have to compensate for the fact that submm light propagatesrf
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2.5 mm in a medium with refractive index of 3.2 (Loewenstein et al.
1973, Cook & Perkowitz 1985). We nd that, in order to account for
this e ect, the distance between the back of the primary mirro and
the window of the cryostat must be increased by 1.62 mm with resgec
to the BLASTO6 optical con guration (see Figure 4.1).

4.3 Detectors

The BLAST-Pol focal plane consists of 149, 88, and 43 detectors a
250, 350, and 500m respectively. The bolometer detector array de-
sign is based on that of theHerschelSPIRE instrument (Bock et al.
1998, Rownd et al. 2003, Chattopadhyay et al. 2003). The three de-
tector assemblies consist of silicon-nitride micromesh (spad-web")
bolometers coupled with arrays of smooth-walled conicék5 feed-
horns. The feed-horns are designed for maximum aperture eeamcy,
requiring an entrance aperture of 2 , where is the wavelength and
f is the nal optics focal number (see Grin et al. 2002 for detaib
on the optimization of the detector architecture). Detectorsensitivity
Is limited by photon shot-noise from the telescope, a regime udlya
referred to as background-limited photometry (BLIP). The totd emis-
sivity for the warm optics of 6% is dominated by blockage from the
secondary mirror and supports. The estimated detector loadingoise
equivalent ux densities (NEFDs) and sensitivities are shown in &-
ble 4.2; preliminary analyses of the ight data in both the timelne and
map domains indicate nhominal sensitivity for BLAST-Pol at 500 m.
The detectors are read out with an AC-biased di erential circul
The data acquisition electronics demodulate the detector sigls to
provide noise stability to low frequencies < 30 mHz), which allows
the sky to be observed in a slowly-scanned mode. Slow scannigag i
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Table 4.2. BLAST-Pol loading, BLIP noise, and nominal sensitities

Band [ m] 250 350 500
background power [PW] 27 20 15
background NEP [ 10 YWHz ¥ 10 7 5
NEFD [mJyst¥] 250{300 250{300 250{300
depth (1 , 5hr, 1ded) [MJysr 1]  0.50 0.41 0.20
depth (1 , 50 hr, 1deg) [MJysr 1]  0.16 0.13 0.06
Sou ( p =0:005, 5hr, 1ded) [MJysr 1] 282 231 113
Sou ( p = 0:005, 50 hr, 1ded) [Mysr 1] 89 73 36
A, (5hr, 1ded, 10K dust) [mag] 81 68 56
A, (50 hr, 1ded, 10K dust) [mag] 26 22 18
A, (5hr, 1ded, 20K dust) [mag] 4.3 7.8 11
A, (50 hr, 1ded, 20K dust) [mag] 1.4 25 3.4

Note. | The noise equivalent ux densities (NEFDs) are from Pascale et al. (2008);
the background power and noise equivalent power (NEP) are opgunely scaled to
account for the fact that the loading on the detectors is redted by a factor of two due
to the polarizing grids (see Section 4.5). The nominal setigities Sy, are computed
as the threshold uxes of a source needed for BLAST-Pol to olita 0.5% polariza-
tion error bar. Although the detectors operate in near-BLIP onditions (compare the
bolometer optical NEP in Table 4.1 with the background NEP in tls table), in the
sensitivity calculations we assume conservatively that tkctor noise is larger than the
noise due to uctuations in the background loading. If instad we were to consider
the regime whereby the background radiation dominates ovglg detector noise and
is fully unpolarized, the sensitivities would improve by adctor 2 due to the reduced
loading. In the previous BLAST ights, the noise was always dminated by the back-
ground loading from the telescope struts and warm optics; iIBLAST-Pol however,
because each polarizing grid rejects half of the incomingdiation, the contribution of
detector noise may no longer negligible in the total noise Hget, especially at 500 m.
We therefore choose to quote the more conservative senstyivestimates. Finally, we
convert the nominal BLAST-Pol sensitivities (for 0.5% polaration error bars) to op-
tical extinctions A, following the prescription of Bianchi et al. (2003) and assning
a dust emissivity with spectral index = 2. These values of optical extinctions are
halved if one relaxes the requirement on the polarization rer bars to 1%.
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preferable to a mechanical chopper for mapping large regioof sky.
The data are collected using a high-speed, exible, 22-bit datac-
quisition system developed at the University of Toronto. Theystem
can synchronously sample up to 600 channels at any rate up toHx
Each channel consists of a bu ered input and an analog to digita
converter. The output from 24 channels are then processed by Ak
tera programmable logic device, which digitally anti-alias lters ad
demodulates each input. The results then are stored to disk.

4.4 Cryogenics

The receiver consists of an optical cavity inside a long holdrtie liquid-
nitrogen and liquid-helium cryostat. Both the nitrogen and helum are
maintained at slightly more than the standard atmospheric presure
during the ight to minimize loss due to pressure drop at altitude A
3He refrigerator maintains the detectors at 280 mK during ight. The
self-contained, recycling refrigerator can maintain a base tgrarature
of 280 mK with 30 W of cooling power for 4 days. It can be recycled
within 2hr. The 3He refrigerator uses a pumpedHe pot at 1K
for cycling and to increase the hold time of the system. The pumge
pot maintains 1 K with 20 mW of cooling power with outside pressure
of 2000 Pa or less. The entire optics box containing the re-imaging
optics is also cooled to 1K.

4.5 Polarimetry

Chapter 5 of this thesis is entirely dedicated to the descripin of
BLAST-Pol's polarizing components and their pre- ight performare.
However, here we give a brief overview for completeness and ml
the strategy we adopt for optimal polarization recovery.
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4.5.1 Polarization recovery strategy

In a complex balloon-borne instrument such as BLAST, there are po
tentially several sources of polarization systematics that ed to be
accounted for in the design of a polarimetric upgrade (e.g., ping
errors, detector/electronics response and noise, obsdiea and scan
strategy). In order to test for these e ects, we perform\jakknife" sim-
ulations using BLASTO06 observations of an unpolarized sourc®¥Y
Canis Majoris [VY CMa]; Fissel 2008, private communication). We
produce two maps of the same source using odd and even detes;teo
to simulate the presence of polarizers with alternate (horiztad and
vertical) grid orientation in front of adjacent detectors. h the case
of an ideal polarimeter, a map obtained as the di erence betwedhe
two sets of detectors should be null, because adjacent detestgsam-
ple perpendicular polarization angles. In reality, the deté¢ors have
di erent gains (optical e ciencies?!, ), which are dicult to inter-
calibrate at the required accuracy of 0.05% (for 1% error bars @ 5%
polarized source) or less, and are a ected by drifts on long tireeales
(low-frequency [1/f] noise). These systematics degrade ourilg to
unbiasedly recover the Stokes parametef3; U in the sky.

We establish that further polarization modulation is needed taom-
pensate for the di erences in detector gains and for the presamof 1/f
noise in the timelines. In particular, a half-wave plate (HWP; se Sec-
tion 5.2.2) is an optical element that produces a polarization tation
of 180. By continuously rotating or stepping the HWP, polarization
modulation of the StokesQ and U is thus achieved (at four times
the rotation angle; see Equations 6.1 and 6.2). The use of a rotagi
HWP as a linear polarization modulator is a widespread technique

1 Here we refer to gain or optical e ciency, , as a combination of numerical factors, such as the
bolometer responsivity, the feed-horn e ciency, and the pixel throughput.
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at millimeter and submillimeter wavelengths (see, e.g., Hanany et al.
2005, Pisano et al. 2006, Savini et al. 2006, 2009, Johnson et28l07,
Matsumura et al. 2009, Bryan et al. 2010b).

A simple argument can help us see how the presence of a HWP
may compensate for the above e ects. A bolometric (polarizatn in-
sensitive) detector measures an intensity; by placing a vertical (hor-
izontal) polarizing grid in front of it, the detector will now be only
sensitive to light polarized perpendicularly to the grid wiresj.e. Iy
(ly), and | = 1, + 1. The Stokes parametersn the skyare de ned as
Gy = (Iy Ix)=l andusky = (lyo Iy =I, where the primes indicate
that x%y%are de ned in a reference frame that is rotated by 45coun-
terclockwise (CCW) with respect tox;y. Following the astronomers'
convention, Gy is oriented along the N-S (E-W) direction on the
celestial sphere, while ugy is oriented along NE-SW (SE-NW). Let
us now assume that the HWP is ideal (we will tackle the HWP non-
idealities in Chapter 5): a HWP rotation of =45 simply transforms
Ix $ Iy and Iy $ Iy One can immediately see that the recovery
of sy through a straight di erence between two adjacent detectors
would require very accurate knowledge of their optical e ciacies:

% _G( =0) d( =0) _ aly 2y
T d( =0)+da( =0)  qly+ aly

(4.1)

On the other hand, the presence of a HWP allows to unbiasedly reeov
the Stokes parameters in the sky by taking di erences of adjent
detectors, at two HWP positions that are 45 apart, as follows:

[bi( =0) do( =0)] [di( =45) do( =45)] _
[di( =0 )+ do( =0 )]+[di( =45)+ do( =45)]
Ly T+ 20y 1) (Iy 1

Uy 1)+ 2yt 1) (y* 1y (4:2)

Csky =
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A similar expression can be derived fang,, with =[22:5;67:5 ].

An additional bonus of this strategy is that the di erences beaween
pairs of adjacent detectors indicated in Equation (4.2) e ectiely can-
cel out the portion of the noise that is correlated among detaars (in
the assumption that two pixels observe the same patch of skythn a
time much shorter than the typical timescale of noise corralion; this
is in fact the case for BLAST-Pol as explained in the next section).
As detailed in Chapter 6, this simpli cation, along with the assump-
tion that the noise in each detector is white on timescales relant to
BLAST-Pol's scan strategy, allows us to implement a\naive binning"
solution for the complex problem of map-making.

Furthermore, the use of a HWP greatly simpli es the design of th
polarizing grid array. Had we not included an additional polariz-
tion modulator, the polarizing grids would have needed to beiented
also at 45 and 135 for the recovery ofusyy, much like the design
of Balloon Observations Of Millimetric Extragalactic Radiation ard
Geophysics (BOOMERanG; Masi et al. 2006). In that case, how-
ever, two bolometers, which are sensitive to orthogonal polaation
directions (Polarization Sensitive Bolometer [PSB; Jones et.2003])),
observe the sky through the same feed structure. Thereforégetinter-
calibration of the optical e ciencies can be achieved with muchnigher
accuracy than it would be possible with BLAST-Pol.

4.5.2 Polarimeter design

Photolithographed polarizing grids are mounted in front of edcof the
three feed-horn arrays (see photograph on the left side of Frgu4.3).
The grids are patterned to alternate the polarization angle saphed
by 90 from horn-to-horn and thus bolometer-to-bolometer along the
scan direction (see scheme on the right side of Figure 4.3). BLA®oI
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scans so that a source on the sky passes along a row of detectans
thus the time required to measure one Stokes parameter (exhQ or
U; see Equation 4.1) is just equal to the separation between boloteies
divided by the scan speed. For the 250m detector array where the
bolometers are separated by 4%and assuming a typical scan speed of
0.1 s 1, this time would be 0.125s. This timescale is short compared
to the characteristic low-frequency (1/f) noise knee for the etectors
at 35mHz (Pascale et al. 2008).

(a) Photograph of the grids mounted on the (b) Scheme of the 90-alternated grid pattern
BDA assembly. along the scan direction.

Fig. 4.3 BLAST-Pol photo-lithographed polarizing grids.

As discussed in the previous section, the additional polarizah
modulation required to unbiasedly measure the Stokes paraters is
provided by a cryogenic achromatic HWP (see Chapter 5), which is
incorporated into the optical design as shown in Figure 4.4. The HWP
is mounted on the 4K stage inside the optics box, 19.174 cm frometh
Cassegrain focus of the telescope; at this distance, the beamwide
enough to uniformly illuminate the optically-active area of the HWP
(88 mm; see Section 5.2.3), without being vignetted, thus minizing
the modulation of any potential local defects of the plate.

The BLAST-Pol HWP is 10 cm in diameter and is constructed from
5 layers of birefringent sapphire, each 500m in thickness. The layers
are interspersed with one 6 m layer of polyethylene and glued together
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(a) Isometric projection. (b) Side view.

Fig. 4.4 Two cutaway views of the BLAST-Pol optics box. The ligt enters from

the lower left and is re-imaged onto the bolometer detectormays (BDAs). Dichroic

Iters split the beam into each of the BDAs for simultaneous imging of the sky
at 250, 350, and 500m. A modulating half-wave plate (HWP) is placed between
the entrance to the optics box and M3, and polarizing grids armounted directly in

front of each of the BDAs. The HWP rotator, equipped with a protetive blackened
ba e, is mounted on the 4K stage at 19.174cm from the Cassegrafocus. The

stepper motor that rotates the HWP is located outside the optis box.

with a hot-pressing technique (Ade et al. 2006). A broadband airt
re ection coating (ARC; employing metal-mesh Iter technolay, see
Section 5.2.4.2) is glued to each surface of the HWP to match the
impedance of sapphire to that of free space.

The HWP modulation e ciency isde ned as (T, Tg)/( To,+T,3),
where the \co-pol" and \cross-pol" transmissionsjl'gp and T)?p, are the
spectral transmission response of the HWP, with its axis at D be-
tween parallel and perpendicular polarizers, respectively {alepicted
in Figure 5.9). Figure 4.5 shows, as a function of frequency, the pre
dicted co-pol/cross-pol transmissions and modulation e ciecy of the
BLAST-Pol HWP at 4K. These are based on a comprehensive set

of data taken with the HWP cooled at 120K (see Section 5.2.5.3),
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which we extrapolate to 4 K.

The band-integrated transmission of the HWP at its maxima is

0.87, 0.91,and 0.95 at 250, 350, and 500m, respectively; whereas
the band-integrated HWP cross-polis 0.5%,. 0.2%, and. 0.5%, re-
spectively. The band-integrated HWP modulation e ciency is 98.8%

99.5%, and 99.0% at 250, 350, and 500m, respectively. As antic-
ipated, more details on the HWP and its ARC are given in Chapter 5.

We operate the HWP in a stepped mode, rather than a continu-
ously rotating mode. The rotator employs a pair of thin-sectin steel
ball bearings to a link stator and rotor (both made out of stairgéss
steel), and is driven via a gear train and a G-10 shaft leading ta
stepper motor outside the cryostat. A ferro uidic vacuum selais used
for the drive shaft. The angle sensing at liquid Helium temperateas
is accomplished by a potentiometer element making light contaetith
phosphor bronze leaf springs. During operation, we carry oupa-
tial scans at four HWP angles spanning 90 degrees of rotatioR2(5
steps). The rotator and encoder are based on the successfusige
of the Submillimeter Polarimeter for Antarctic Remote Observation
(SPARO; Novak et al. 2003, Renbarger et al. 2004), and are shown in
Figure 4.6.

The exposed metallic surfaces of the rotator assembly are blankd
with a combination of silicon carbide (SiC), carbon black and epg
to prevent unwanted re ections from stray light. Finally, in order to
avoid spurious signals from light scattered o the moving part®f the
rotator, the side of the rotator that faces the detectors is adpped
with a protective blackened ba e (shown in Figures 4.4 and 4.6b),
which has a circular aperture slightly larger than the opticall-active
area of the HWP ( 90 mm in diameter).



4. The BLAST-Pol Instrument 128

(a) The predicted transmissions through the cold HWP as a furction of frequency. The
black line shows the HWP transmission,Tcop, between two parallel polarizers Q =1 !

Q = 1) with the HWP axis at 0 . The blue line showsQ = 1! Q= 1 in the same
reference frame (or equivalentyQ =1 ! Q = 1 with the HWP axis at 90 ). The red
line shows the transmission,T)?p, with the HWP axis at 0 between two perpendicular

polarizers. The approximate extent of the BLAST-Pol bands is also indicated.

(b) Predicted modulation e ciency of the cold HWP as a functi on of frequency, obtained

as (Tg, T)( TS + Tg,). Note that the y-axis scale ranges from 0.8 to 1.

Fig. 4.5 Predicted performance of the BLAST-Pol HWP at 4 K, extapolated from a
set of spectral data collected with the HWP cooled at 120K (see Section 5.2.5.3).
\Co-pol" and \cross-pol" transmissions, T¢, and Ty,, are de ned as per Figure 5.9.
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(a) This side of the rotator faces the M3 mir- (b) This side of the rotator faces the window
ror inside the optics box. Any light scattered of the optics box, about 19.1cm away on the
o the moving parts on this side of the rotator  optical path. Visible in the photograph are the
could potentially represent a source of spurious potentiometer, the gear train with the pinion
signal on the detectors, synchronous with the assembly, and the back side of the blackened
HWP rotation. To prevent this, we build a pro-  ba e, which is secured by one screw at the top
tective blackened ba e (not shown here) that of the stator, and two more on the 4K stage.
has a circular aperture slightly larger than the On the left side is visible the encoder readout
optically-active area of the HWP (90 mm). assembly with the leaf springs.

Fig. 4.6 BLAST-Pol rotator assembly with installed HWP.

4.6 Gondola

The BLAST-Pol gondola provides a pointing platform for the telesope
and attaches to the balloon ight train. The gondola consists fotwo
parts: an outer aluminum frame, which can be pointed in azimuth;
and an inner aluminum frame, which points in elevation. Figure 4.7
shows a schematic layout of the gondola with several features édéd.
The outer frame is a suspended from a:ll  10°m3 helium bal-
loon, provided by NASA's CSBF, through a steel cable ladder and
parachute. Control systems, including ight computers and tieemetry
systems are mounted on the outer frame. Data are stored onidddtate
disks on the computers. Some portion of the data can be trangm
ted to a ground station by satellite links. The inner frame houses the
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Fig. 4.7 Front and side schematic drawings of the BLAST gondal(from Pascale
et al. 2008). A 1-m tall Emperor penguin is shown for scale. €hnner frame, which
can be pointed in elevation, consists of the two star cametahe telescope and its
light ba e, the receiver cryostat, and associated electroms. The telescope ba es
and sunshields have been updated for BLAST-Pol, and are shownFigure 4.8.

mirrors, the receiver, the receiver read-out electronics drthe primary
pointing sensors. These are all rigidly mounted with respect to ea
other on the inner frame in order to ensure that mechanical alignemt
Is maintained throughout the ight.

To avoid large thermal changes in the optics both the inner and
outer frames have attached sunshield structures. Figure 4.Basvs the
BLAST-Pol sunshields. Shields on the outer frame are constited
from aluminized mylar and mounted on an aluminum frame, and are
similar to those used in previous BLAST ights. In addition, for
BLAST-Pol we design and build new shields, which are attached to
a carbon ber frame and are mounted to the inner frame. This 4-m
shield allows us to point the telescope to within 450f the Sun, in
order to observe targets close to the Galactic Center (e.g., Lug).

Telescope pointing is controlled by three motors. The azimuth
pointing is controlled by a brushless, direct drive servo motattached
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Fig. 4.8 A drawing of the BLAST-Pol gondola showing the innerrad outer frame
gondola structures, including the new inner frame sunsha that allow the telescope
to point to a minimum azimuth distance of 45 from the Sun. Drawing credits: Juan
Diego Soler.

to a high moment of inertia reaction wheel, and an active pivot mo
tor which connects the cable-suspended gondola to the balloaght
train. The reaction wheel consists of a 1.5-m disk made of 7.6 cmak
aluminum honeycomb, with 48 0.9 kg brass disks mounted around the
perimeter. The reaction wheel is mounted at the center of masstbe
telescope, directly beneath the active pivot. By spinninghte reaction
wheel, angular momentum can be transferred to and from the gdola,
allowing precise control over the azimuth velocity of the telespe with
minimal latency. The active pivot motor provides additional aEnuthal
torque by twisting the ight train, and can also be used over londgime
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scales to transfer angular momentum to the balloon.

The elevation of the inner frame is controlled by a servo motor
mounted on one side of the inner frame at the attachment point tthe
outer frame. A free bearing provides the connection point b&een the
inner and outer frames, on the other side.

In- ight pointing is measured to an accuracy of 30°%y a number of
ne and coarse pointing sensors. These include ber optic gyrospes,
two optical star cameras, a dierential GPS, an elevation etoder,
inclinometers, a magnetometer and a Sun sensor (a descriptmfrthese
devices can be found in Pascale et al. 2008). The star cameras a® th
primary pointing sensor for BLAST-Pol; LM was responsible for ta
hardware/software testing and deployment of both of them,awell as
for the ight operations and post- ight pointing reconstruction. In the
following section we brie y describe the components of the steamera
assembly, the principles of operation, and the in- ight pedrmance.
Incidentally, we mention that LM has participated in the software
deployment and performance characterization of one star roara for
the E and B Experiment (EBEX; Reichborn-Kjennerud et al. 2010).

4.7 Star Cameras

4.7.1 Overview

The BLAST-Pol star cameras are closely based on the successful&ET
design, and therefore we refer elsewhere for a thorough dgsan of
the theory, principles of operation and pattern-matching lgorithms of
these sensors (Pascale et al. 2008), their hardware implemeiaa and
overall performance (Rex et al. 2006, Rex 2007). Neverthelesgsis
useful to review here the design requirements and the basiawations
that allow an optimization of the optics.
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Four primary factors drive the design of the star cameras:

1. an absolute pointing accuracy of 5%is required to over-sample
the di raction-limited size of the 250 m beam;

2. integration times have to be short enough to avoid signi cant
smearing of stars in each frame taken at the typical scan angul
velocity of the gondola (0.1s ?);

3. the system must always detect stars to calibrate gyroscopafts;

4. the frequency of the solutions must be high enough to contr
the 1/f random walk noise in the integrated gyroscopes % °°;
Pascale et al. 2008).

We incorporate two star cameras for redundancy, and to enable
increased positional accuracy in the post- ight processing. lorder to
meet the above requirements, each star camera is designed eébedt in
each frame several stafswith signicance 5 . The signal-to-noise
ratio (SNR) of a star detection depends upon its e ective tempature
(color), the brightness of the sky background at balloon oagltitude,
and the optical properties of the camera itself.

The ux of a star of visual magnitude m, can be written asl; =
1510 %™ [Wm 2], wherel is the reference zero-magnitude ux. As-
suming that stars radiate with a blackbody spectrum at tempeiare
Te , the ux density reads:

| = |totRB(Te; )
B(Te; )d

) (4.3)

2 At the very least 1{2 stars per frame are necessary for the pdsight pointing reconstruction.
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whereB (Te ; )isthe Planck function, and sgis the Stefan{Boltzmann
constant.
The actual signal from a star received by a CCD pixel on the star
camera depends upon several parameters, as follows:
, Z

d .
Setar = 4—PI t QT I h—Cd e pix ! (4.4)

where: d, is the diameter of the lens coupled to the CCDP is the size
of the lens PSF in number of pixels (the lens is not di raction-limied
and typically P = 2{4); is the total optical transmission of the op-
tics (we estimate 0:95 using Equation 4.4, by performing aperture
photometry on star-camera frames of a bright star of knowm,, , after
having measured all the other unknown parameters independeyjt t
is the exposure time in seconds)® is the quantum e ciency of the
device, expressed as electrons generated per incident photathere
1 represents 100% e ciency (see Table 4.3 for its wavelength -
dence); andT is the optical Iter response (see Table 4.3).

The star cameras are operated during the daytime; even at badin
oat altitudes, the noise in each star-camera frame is dominatdaly the
background ux from the sky (see also Section 4.7.3). The backgnad
signal from the sky in one pixel can be written as:

gz

Ssky = — ot QeT BSk-‘/md e pix 1 (4.5)

where , is the solid angle of one pixel projected onto the sky, and
B is the sky brightness, which at balloon altitudes approaches anfe
tens of nWsr tcm 2nm ! (Rex 2007). In this photon-noise limited
regime (see Section 4.7.3), the noise fro8yy, is Poissonian is nature,
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Table 4.3. Speci cations of the two BLAST-Pol star cameras

feature spec
Camera QImaging Retiga-EXE
CCD sensor Sony ICX285
Light sensitive pixels 1392 1040
Pixel size 6.45m 6.45 m
Quantum e ciency at peak response 60%
Range of maximum spectral response 400{800 nm
Digital output 14 bit
Well depth 18,000e
Readout noise 6.5e
Dark current 0.15e pix st
Lens diameter 100 mm
Focal length 200mm
Lens f: 2
Nominal plate-scale 6.65%ix !
Camera FOV 257 1.92

Filter cut-o 600 nm (Nikon R60°)
Computer model PC/104-Plus MSM800SEV

Note. | The numbers quoted are for a readout frequency of
10 MHz, and with the \high sensitivity" mode enabled@ A plot of the
guantum e ciency as a function of wavelength is given on theexond
page of the camera datashe&fThe CCDs can be cooled to QC during
normal operations by means of a thermoelectric Peltier caol

awww.gimaging.com/products/datasheets/retiga-exl.pdf
bywww.ccd.com/pdf/ccd_285.pdf
“The lIter spectral response is shown in Figure 4.6 of Rex (20p

dwww.gscomp.cz/Pdf/msm800sev.pdf
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and the total SNR from a star reads:

S

SNRstar ' pssi / d| L / d| f

sky p

g t (4.6)

wheref is focal length of the star-camera lens and, / f 2.

We require each star to be detected at least with a 5signi cance,
SNRsar & 5. We also require that the CCD does not saturate, i.e.
We > Sy / (d|:f)2 t, whereW, is the electron well depth of each
pixel (Table 4.3).

The two inequalities above allow us to optimize the optical param-
eters of the device; in particular, the most e ective way to full both
conditions is to maximizef , and hence minimize the pixel FOV, with
the caution of keepingP in the range 2{4 pix, in order to avoid dilution
of the signal on an overly sampled PSF. The SNR is also improved by
choosing an optical lter that selects a wavelength region wine the
sky brightness is relatively low, and the average star brightss is rel-
atively high; Alexander et al. (1999) nd that a red lIter with cut -0
at 600 nm enhances the average star signal over the backgrdurin
addition, a 1.2 m long cylindrical ba e is attached to the front of each
camera to reduce stray-light contamination beyond 10rom the opti-
cal axis. The star cameras use a Nikon lens with a 200 mm focal length
and a 100 mm aperture to produce a 2.57 1.92 FOV with  6.65°
pixels. With this lens, coupled with a red Nikon R60 lter, the devces
can detectm, =9 starsata 5 level in 100ms of integration time.
Figure 4.9 shows an exploded view of the star-camera assembly, le/hi
Figure 4.10 is a collage of the BLAST-Pol star-camera hardware.

Each camera is controlled by its own PC/104-Plus, 500 MHz AMD
computer, which commands the CCDs via FireWire, controls the fosu
and aperture size using stepper motors via a serial port, amegulates
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Fig. 4.9 Mechanical drawing of star-camera assembly. Thewlee comprises a CCD
camera coupled to 200 mm f/2 lens with a 2.57 1.92 FOV. The camera, along
with the aperture/focus adjustment mechanisms and the tenmgrature/pressure sen-
sors (not shown here) are controlled by a PC/104-Plus compart The entire system
Is contained in a pressure vessel to maintain atmosphericggsure for the mechanical
hard drive, provide a stable thermal environment and protédhe system mechani-
cally. (from Rex et al. 2006).

the temperature of the camera using a small USB DAQ module. The
entire system is contained in a pressure vessel to allow the opera
of the mechanical hard drive, control the thermal environn, and
maintain mechanical rigidity; a sensor continuously monitorthe pres-
sure inside the vessel. Control of the thermal environment is aial as
the focus position is very sensitive to changes in the lens tenaire.
The fully-autonomous software controlling the camera in ight po-
vides real-time pointing information, at a rate of 1Hz, by analyzing
the star patterns in the CCD frames. The pointing algorithm locates
blobs with SNR> 5 in the current camera image, rejecting the known
bad pixels (see Section 4.7.2). The best- t positions of star gdidates
are then used by a pattern recognition algorithm to identify a ngique
constellation matching the observed angular separations inséar cat-
alog (Guide Star Catalog 1.1; Lasker et al. 1987). The magnitude limi
of the catalog is chosen manually (9 mag achieves su cient corgbe-
ness), and no brightness information for the stars is otherwisesed.
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Fig. 4.10 A collage of photographs of the BLAST-Pol star-cama hardware. Left:
view from behind of the pressure vessel, with back ange opém show the PC/104-
Plus computer assemblyTop right: a closeup view of the Nikon lens, with retro tted
belts and gears for the focus and aperture adjustment mechams. Bottom right:
side view of the star-camera body, whose exploded mechahidaawing is shown in
Figure 4.9. Photo credits: Steve Benton.

The algorithm is aided by an approximate \guess" pointing solutio
from the ight computer (a combination of the pointing information
registered by the several coarse sensors on board, see &eeti6), re-
quired to be accurate to about 5in order to reduce the number of
candidate star identi cations. A\Lost in Space" algorithm based on
the Pyramid technique (Mortari et al. 2004) is also implemented tbe
used if the guess solution is found to be unreliable; however, Buan
instance never occurred during the three BLAST ights.

Once the CCD blob centroids are matched to stars with known
coordinates [, i], the pointing solution is calculated in terms of the
celestial coordinates of the center pixel p, o], and the roll of the
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camera, o. A star-camera frame is modeled to be a perfect gnomic
tangent-plane projection, with the tangent point at [ o, o], and ro-
tation ( with respect to the local meridian; the coordinates of each
matched star, [ i, i], are projected into the plane of the CCD. The
rms distance between the CCD and model star coordinates is then
minimized using an iterative Newton solver with respect to the three
model parameters, [o, o, o]- This procedure produces pointing so-
lutions with uncertainties of 3.5%and 200°for the position of the
tangent point and of the roll, respectively. A post-ight compaison
of simultaneous pointing solutions from both cameras will rekun an
rms uncertainty of . 2°(see Section 4.7.4).

4.7.2 Bad/hot pixels

As with every CCD, we need to exclude some bad (or, more appropri-
ately, \hot") pixels, whose brightness increases steadily witintegra-
tion time on dark frames. In general, this is true for all activepixels,
because of dark currents (see next section); however, theghtness of
hot pixels increases with time much more rapidly than that of dter
pixels. An overdensity of a few adjacent hot pixels in a star-caama
frame could lead to a spurious star detection.

Hot pixels are individual sensors on the CCD with higher than
normal rates of charge leakage. They can appear as small pixekd
bright points of light on longer exposures. Because the rate ofage
leakage is the same for a given pixel over time, the longer the espoe,
the brighter they appear, even on dark frames. This charge lesde
Is worse at higher temperatures, even a 1G di erence can cause a
noticeable increase in the number of hot pixels (on frames takanth
the same exposure time).

It is worth making here a clear distinction between hot, stuckand



4. The BLAST-Pol Instrument 140

dead pixels. Stuck pixels always read high (maximum) on all egp
sures, whereas dead pixels read zero on all exposures. The BLASI-P
star-camera CCDs appear to have neither stuck nor dead pixetsly
hot pixels. Here we describe our methodology to isolate them.

We take several dark frame, with exposure times ranging from
100 ms to 10s. We then create a synthetic image which is the weigihte
mean of all the dark frames taken, where the weights are the inger
of the exposure time. We normalize such a synthetic image with the
image with shortest integration time (100 ms). This image should now
contain information on the relative rate of charge leakage in ew
pixel, averaged over several frames. We perform a weighte@an be-
cause otherwise only the long-exposure frames would dominaté/e
can now make a histogram of such image (see Figure 4.11) and isslat
the pixels with counts 5 , where is the standard deviation calcu-
lated across all the synthetic image. 5 is a somewhat arbitrary but
very conservative choice. We nd about 70 hot pixels per camera,
which is a mere 0.005% of the whole frame and is expected in every
CCD. This method is found to be in extremely good agreement with
a visual inspection of a long-exposure dark frame.

4.7.3 Noise model

In a CCD image sensor, the noise consists of undesirable sigrahpo-
nents arising in the electronic system, and inherent naturalaviation
of the incident photon ux. The three primary sources of noiseni a
CCD imaging system are photon noise, dark-current noise, and cka
out noise.

Photon noise (sometimes referred to as shot noise) resultsm the
intrinsic statistical variation in the arrival rate of photons incident on
the CCD. Photoelectrons generated within the semiconductor diee
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Fig. 4.11 Histogram of the synthetic frame obtained as the wghted mean of dark
frames taken at di erent exposure times. The dotted red vertal line indicates the
5 threshold chosen to discriminate bad/hot pixels. We also sk for reference the
10 and 15 levels (dashed black lines).

constitute the signal, the magnitude of which is perturbed by uctua-
tions that follow the Poisson statistical distribution of photas incident
on the CCD at a given location. The photon noise is therefore equal
to the square-root of the signal.

Dark-current noise arises from statistical variation in the amber of
electrons thermally generated within the silicon structure of ta CCD,
which is independent of photon-induced signal, but highly depdent
on device temperature. The rate of generation of thermal eleons at
a given CCD temperature is termed dark current. Similarly to photon
noise, dark-current noise follows a Poisson distribution, and equiv-
alent to the square-root of the number of thermal electrons gerated
within the image exposure time. Cooling the CCD reduces the dark
current dramatically, and in practice, high-performance canmas are
usually cooled to a temperature at which dark current is negligible
over a typical exposure interval. The BLAST-Pol star cameras hawe
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nominal dark current, D, of 0.15e pix s ! at 0 C. Their operating
temperature is typically around 20 C in ight. Although the CCDs
may be cooled to OC via a thermoelectric Peltier cooler, we do not
make use of this feature because at 20 dark currents are negligible
compared to the sky background, as explained later in this seatio
Readout noise is a combination of electronic noise componim-
herent to the process of converting CCD charge carriers into altege
signal for quanti cation, and the subsequent processing arahalog-to-
digital conversion. The major contribution to readout noises usually
due to the on-chip preampli er, and this noise is added uniforig
to every image pixel. High-performance camera systems utilize-de
sign enhancements that greatly reduce the level of readoutise. The
BLAST-Pol star cameras have nominal readout nois®, of 6.5e pix ?
(rms) when using a readout frequency of 10 MHz (see Table 4.3).
The photon noise contribution to the total noise budget is a fuction
of the signal level. The measured signak, depends upon several
parameters, as described in Section 4.7.1. In a CCD imaging system,
the number of photoelectrons generated per pixéNe = Ssiar + Ssiy
(as given by Equations 4.4 and 4.5), is converted in analog-to-digi
units (ADUSs) per pixel as follows:

S=«< Ne : (47)

where < is the intrinsic responsivity (or gain) of the camera, which
Is nominally the ratio between the analog-to-digital converte(ADC)
output resolution (the ADC has a maximum resolution of 14-bitthus
24 ADU) and the electron well depth of each pixel\(. = 18;000e ,
see Table 4.3), and therefore is expressed in ADU/e
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We can now write the total noise budget, s, in ADUs per pixel as:

P
=< Ne + Dt + RZ (4.8)
and therefore the variance reads:
2= <S+ <?D.t+ <?R% (4.9)

Because photon noise is an inherent property of CCD signal detec-
tion, which cannot be reduced by camera design factors, it regsents
a noise oor that is the minimum achievable noise level. Consequsy,
it is desirable to operate an imaging system under conditions thare
limited by photon noise, with other noise components being reded to
negligible (very much like the background-limited photometry, BIP,
of infrared and submm detectors; see Section 4.3). The integati
time can be increased to collect more photons and increase the SNR
until a point is reached at which photon noise exceeds both thea@-
out noise and dark-current noise. Above this exposure timehe image
is said to be photon-noise limited. As discussed in Section 4.7.1, star
cameras operating at balloon oat altitudes with the exposureimes
required to detectm, =9 starsata 5 ( 100ms) are always photon-
noise limited because of the high background ux from the sky.

We see from Equation (4.7) that the signal measured by the canae
is directly related to the number of photoelectrons generadeper pixel,
Ne , via the intrinsic gain of the camera,<. It is therefore of utter
importance to pinpoint experimentally the actual value ok, primarily
to have full control over the lling level of the electron well aml thus
avoid saturating the sensor. Furthermore, we see from Equati (4.8)
that the noise level also depends directly upos; the knowledge ok
enables a prompt estimate of the noise corresponding to arsd S.
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In the photon-noise limited regime, the term® .t and R? in Equa-
tion (4.9) are negligible, and the variance has a linear relatiship
with the signal. When the camera observes a uniform backgroain
our best estimate of the signalS is the mean value of a frame, ¢,
in ADUs, once the bad/hot pixels have been masked away (see Sec-
tion 4.7.2). Similarly, our best estimate of 2 is the variance of a frame
with masked bad pixels, which we will refer to as?. In practice, we
will see that for our purposes it is convenient to introduce an addi
tional o set, O¢, such that ]?: < (¢ Of). The error bars on the
mean are given by Poisson statistics,, = 214 =W, . By taking a
series of frames at di erent exposures times (within the phon-noise
limited regime), we can therefore make a plot of frame variancensus
mean and perform a linear t: the slope will be the measured gain,
which can be compared to the nominal one.

Here we describe our operational strategy to measure the imsic
gain of the BLAST-Pol star cameras before ight. We point the canma
at a background intrinsically as uniform as possible in brighss. This
Is either a white background in the laboratory (with di use, not drect,
light re ected on it), or a patch of clear sky, during the daytime We
take exposures at di erent integration times, making sure thawe
su ciently sample the regime in which ¢ falls within the range 20{
60% of the saturation value (2* ADU), i.e. not readout/dark-current
noise dominated and not saturated.

Often the frames have a large-scale gradient due to non-unifo
illumination of the CCD, or to aberrations in the optics. To prevent
our results to be biased by such gradient, we select a regionmierest
(ROI) of 200 by 200 pixel at the center of the frames, namely whe
the optics-generated gradient is minimized. We check that theadme
Is uniform within the ROI to a 1{2% level, and we calculate { and
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2 within this ROI for each frame. We now make a diagnostic plot of
¢ versus exposure time, as shown in Figure 4.12, that allows us to
quantitatively identify the linear regime of operation of the amera.

e
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Fig. 4.12 Plot of frame mean, ¢, as g function of exposure timet. The error bars
are given by Poisson statistics,p = 214 =W, , and are drawn as 5 for better
visualization. A linear t (dotted line) is performed only in the photon-noise limited
regime (between 20 and 70 ms; solid line), where the illuminan level of the CCD
scales linearly witht. At the long exposure time end, we can clearly recognize the
saturation point of the camera at about 2'#, whereas below 0.01 s the frame starts
to be dominated by readout noise, reaching a plateau at aboG00 ADU.

In Figure 4.13, we show the plot off2 versus f, with a linear t
performed in the photon-noise limited regime (in this case betwe&0
and 70ms, as measured in Figure 4.12). For both star cameras, the
measured intrinsic gain is in very good agrement with the nominal en
which is 24 ADU/18,000e =0:91. We nd < =(0:91 0:02) ADU/e
for one star camera, anck = (0:90 0:02) ADU/e for the other one,
where the uncertainty is obtained following Section 15.3 of Pressal.
(1992). We also nd that the o set Oy is always compatible with zero,
con rming that in the photon-noise limited regime the contributions of
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Fig. 4.13 Plot of frame variance, fz as a function of frame mean, ;. The x-error

bars are given by Poisson statistics,p = = 214 (=W, , and are drawn as 5 for
better visualization. The y-error bars are not drawn for visual clarity. A linear t
(dotted line) is performed only in the photon-noise limitedegime (between 20 and
70 ms; solid line), where the illumination level of the CCD sdes linearly with the
exposure time. The slope of such t gives the intrinsic gainfahe camera. The
sharp drop in variance for ; 2% indicates the camera saturation point. On the
other hand, for small values of ¢, we clearly see how the readout and dark-current
contributions to the total noise budget (as de ned in Equaton 4.9) become more
important than the photon noise.

readout and dark-current noise to the total noise budget aneegligible.

4.7.4 Post- ight pointing reconstruction

The post- ight pointing reconstruction is needed to estimate, aktach
detector sample, the rotation (attitude) of the gondola withrespect
to the celestial sphere as a function of time, providing righascension
( ), declination ( ), and rotation angle ( or\roll"). The post- ight

pointing reconstruction only makes use of the ber optic gyrecopes
and the star cameras. The star cameras provide absolute attde on
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an unevenly sampled time grid ( 1 Hz), with an accuracy of< 2°°rms,
while the gyroscopes are sampled at the same rate as the bolomete
(100 Hz; \fast channels"). The gyroscopes are used to optimally et
polate the pointing information between two consecutive staratnera
solutions.

Each star camera solution is sampled at a known phase with re-
spect to the detectors, whereas the bolometer and gyroscopenpéing
Is synchronized. The integration of the angular velocities as @msured
by the gyroscopes gives an estimate of the gondola attitudene star
camera is used to correct the random walk drift induced by the in-
tegrated gyroscope noise (% %°; Pascale et al. 2008) and to give an
estimate of the integration constant.

As extensively described in Pascale et al. (2008), the pointingcan-
struction algorithm is based on the multiplicative extended Kahan |-
ter (Markley 2003) technique used by the Wilkinson Microwave Aigotropy
Probe WMAP ; Harman 2005). The Kalman lter allows to incorpo-
rate the correlated uncertainties on the three model parartexs for
Ra, Dec, and roll, [ o, 0, o], which are returned as solutions by the
star camera pointing code (see Section 4.7.1). The lter thus prales
an optimally-weighted attitude reconstruction, which simultaneously
accounts for both the integrated gyroscope noise and the umzenty
on the star camera solutions.

Using just one star camera and the digital gyroscopes, the naltti-
tude reconstruction for the BLAST06 campaign is found to be 4°4ms
(Pascale et al. 2008). The achieved precision is more than su cie
to over-sample the di raction-limited size of the 250 m beam. Using
stacking analysis, we independently estimate the absoluteipting ac-
curacy for BLASTO06 to be< 2°° with random pointing errors< 3°¥ms
(see Section A.6 in Appendix A).
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We are currently carrying out a similar post- ight pointing recan-
struction for the BLAST-Pol 2010 ight. Figure 4.14 shows prelimi-
nary results of the pointing reconstruction for about 300 s oftbserva-
tions of Centaurus A, obtained by integrating the gyroscopes beéen
consecutive solutions from one star camera. The accuracy bétpro-
cess can be assessed by estimating the residuals betweenmntegrated
pointing solution and the star camera positions Histograms of the
yaw (' cos ) and pitch (* ) residuals (shown in Figure 4.15) sug-
gest that the overall pointing performance will reach that of BASTO6.

* .
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Fig. 4.14 An example of pointing reconstruction for 300 s durg a scan of Centaurus
A (NGC 5128) from the BLAST-Pol 2010 ight. In the top panels, the solid black
lines represent the reconstructed pointing solution obtaed by integrating the gyro-
scopes between consecutive solutions from one star cameead (empty circles). In
the bottom panels, we show the residuals as yaw ( cos ) and pitch (" ).

The post- ight pointing reconstruction is an iterative process. Histly,
the star camera pointing code (see Section 4.7.1) is run again oreth
whole ight length, using the same star candidates as those fod in

3 A better metric to quantify the absolute accuracy of the pointing reconstruction is to compare
the pointing solution reconstructed by integrating the gyroscopes onto one of the two star cameras,
with the positions reported by the other star camera. Howeve, this procedure requires the precise
knowledge of the rotation angle between the boresight direions of the two star cameras, which
we are still striving to pinpoint at this stage of the analysis.
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Fig. 4.15 Histograms of the yaw and pitch residuals from Figar4.14. The red lines
show Gaussian ts whose standard deviations are reported the top right corners.

ight and the pointing solution calculated by the ight computer as
\guess" solution. This rst run requires a minimum of 3 star camli-
dates per camera frame to calculate a robust solution, which found
for about half of the usable frames. The Kalman lIter is then appéd
to integrate the gyroscopes onto the set of discrete camerdwtmns.
The continuous Kalman-integrated attitude reconstruction ca now
be used as the guess solution for the star camera pointing coden
improved guess solution helps the star camera pointing code mdiéy
solutions for frames containing two stars, or even only on&herefore,
this process is iterated until the number of usabland solved frames
converges. As of this thesis' submission date, a pointing salut has
been successfully assigned to 93.1% and 90.3% of the frames with a
least one star detected by the star camera named \ISC" and \OSC",
respectively. We are currently working to nd a solution to the re-
maining 7% and 10% of the frames, which all contain one star only.
The pointing solution is calculated in the star camera reference
frame and needs to be rotated into the submm array coordinateaine.
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This rotation is evaluated by observing bright optical and submn point
sources (calibrators) simultaneously and repeatedly thrghout the
ight. For all the BLAST ights, the relative pointing between t he
star cameras and telescope is found to vary as a function of tmer
frame elevation and temperatures, requiring correction®tyaw and
pitch of 20%nd 1259 respectively.

Both star cameras performed well during the BLAST-Pol 2010
ight, being able to detect m, = 9 stars with 100 ms integration
times. Figure 4.16 shows histograms of the magnitude of the star
observed by each of the two star cameras during the whole ighin
Figure 4.17 we show histograms of the total number of stars deted
in one frame by each star camera, throughout the whole ight. Tweéo
ve stars were observed on average, with less than 10% of therfras
having no candidate stars. We investigate how frequently it @ars
that both star cameras simultaneously detect no stars; we dhthat
zero-star frames usually result as sporadic episodes of detyoniza-
tion between one star camera computer and the ight computerand
do not a ect both cameras together.

4.8 Concluding Remarks

In this chapter, we have given an overview of the BLAST-Pol instru-
ment, collecting and updating all the information available as ofhe
2010 Antarctic ight campaign. In particular, we have delved mto
the strategy adopted for optimal polarization recovery, as &l as the
hardware and software characteristics of the primary pointig sensors,
the star cameras. Finally, we have given an outline of the postght
pointing reconstruction process; albeit preliminary, the redts pre-
sented here suggest that BLAST-Pol's absolute pointing accuraeyill
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Fig. 4.16 Histograms of the star magnitudes observed by thedvstar cameras during
the whole BLAST-Pol 2010 ight. The blue dashed histogram coesponds to the
\ISC" and the red solid histogram to the \OSC".
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Fig. 4.17 Histograms of the number of stars detected in one @ by each of the
two star cameras during the whole BLAST-Pol 2010 ight. The clor-code and line
style are preserved from Figure 4.16.

equal that of BLASTO06 (. 3°°rms). In addition, the next chapter is
completely dedicated to the description of the optical compents of
the BLAST-Pol polarimeter and their pre- ight performance.
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As of this thesis' submission date, the analysis of the data col-
lected by BLAST-Pol during the 9.5-day ight over Antarctica (see
Section 1.2.5) is still ongoing. With a few exceptions, we have niok-
cluded in this work the in- ight performance and calibrations,as they
have not been nalized yet.

Nevertheless, in Chapter 6 we show a sample of preliminary po-
larization maps, which result as the culmination of the whole dat
analysis process and qualitatively demonstrate the overaluscess of
the mission. A thorough assessment of the in- ight performamcand
calibrations of the instrument will be published by the BLAST-Pol
team along with the rst scienti c results.



5. HALF WAVE PLATE AND POLARIMETRY

5.1 Introduction

In this chapter we describe in detail the components of the BLAS
Pol polarimeter, a cryogenic achromatic half-wave plate (HWPand
photolithographed polarizing grids acting as analyzers. These of a
continuously rotating or stepped HWP as a polarization modulatr is a
widespread technique at millimeter (mm) and submillimeter (submm)
wavelengths (e.g., Renbarger et al. 2004, Hanany et al. 2005, dpig
et al. 2006, Savini et al. 2006, 2009, Johnson et al. 2007, Li et2008,
Matsumura et al. 2009, Bryan et al. 2010a,b, Dowell et al. 2010).

In Section 4.5 we have given an overview of the BLAST-Pol po-
larization modulation scheme and outlined our strategy for dpnal
polarization recovery. The nal goal of this chapter is to provie a set
of usable parameters that completely characterize the opticproper-
ties and e ciency of the HWP (see Section 5.2.6) and the polarizgq
grids (see Section 5.3), as measured in the laboratory.

We delve into the theoretical framework, principles of opet@n,
and manufacturing process of a ve-plate sapphire HWP, whichsj
to our knowledge, the most achromatic ever built at mm and submm
wavelengths. We include a brief account of the various solahs con-
sidered for the anti-re ection coating (ARC), and highlight the tech-
nical challenges of a broadband design at submm wavelengthd/e
discuss how the ARC applied to the BLAST-Pol HWP represents the
rst successful application of a novel arti cial dielectricmetamaterial.
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Using a polarizing Fourier transform spectrometer, we fully @rac-
terize the spectral response of the coated BLAST-Pol HWP at room
temperature and at 120 K. We present the pre- ight performancef
the HWP in terms of its measured Mueller matrix and phase shift as a
function of frequency and extrapolated at 4 K. We show that mosbf
the HWP non-idealities can be more easily modeled by quantifyirane
wavelength-dependent parameter, which is then readily implemizd
in the map-making algorithm described in Chapter 6. We also derive
this parameter for a range of spectral signatures of an inputsto-
nomical source, including that of a blackbody and of dust emissi;
we discuss the possible implications for BLAST-Pol.

In the following, we adopt the Stokes (1852) formalism to represe
the time-averaged polarization state of electromagnetic daation; for
a review of polarization basics we refer the reader to Appendix &f
Moncelsi (2007), which in turn follows the notation of Collett (1998

5.2 The BLAST-Pol Half-Wave Plate

5.2.1 Birefringent wave plates

Wave plates (or retarders), are optical elements used to ange the
polarization state of an incident wave, by inducing a predetermed
phase di erence between two perpendicular polarization cqguonents.
A (monochromatic) wave plate can be simply obtained with a sgie
slab of uniaxial birefringent crystal of speci c thicknesswhich depends
upon the wavelength and the index of refraction of the crystal
Birefringence results from the anisotropy in the binding forcebe-
tween the atoms forming a crystal. Such anisotropy originatefsom
an asymmetric spatial distribution of the atoms in some crystal An
anisotropy in the binding forces in the lattice will manifest itsdlas an
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anisotropy in the refractive index. Crystals belonging to therigonal
(e.g., calcite, quartz, sapphire) or tetragonal (e.g., rutd) systems are
uniaxial, in that they possess a unique optic axis, most oftemmcident
with the crystallographic axis.

Light propagating through a uniaxial birefringent material eperi-
ences di erent refraction indices depending on its propagatn direc-
tion and polarization orientation inside the crystal: light prgpagating
along the birefringent optic axis (extraordinary axis) will seean ordi-
nary refraction index regardless of the polarization orientain. Light
propagating orthogonally to the optic axis will see extraordiary or
ordinary refraction indices depending on whether the polarigan is,
respectively, aligned or perpendicular to the optic axis.

In wave plates, the crystal is cut so that the extraordinary ais is
parallel to the surfaces of the plate; light polarized along thisxas trav-
els through the crystal at a di erent speed than light with the pe&pen-
dicular polarization, creating a phase di erence. When thextraor-
dinary index is larger than the ordinary index, as in (cold) sappine,
the extraordinary axis is called the \slow axis" and the perpedicular
direction in the plane of the surfaces is called the \fast axis".

A birefringent crystal is characterized by four parametersne, no,

e o, the real part of the indices of refraction and the absorption
coe cient (in cm 1) for the extraordinary and ordinary axes of the
crystal. At a speci c wavelength o, the phase shift induced by a slab
is determined uniquely by its thicknessl, and reads:

(0= —O(ne No) (5.1)

Given the operating wavelength o, the required phase shift for the
wave plate is achieved by tuning the thicknesd.
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5.2.2 Achromatic half-wave plate design

While monochromatic wave plates have been (and are still belngsed
in mm and submm astronomical polarimeters (see eXy.Renbarger
et al. 2004, Li et al. 2008, Bryan et al. 2010a,b, Dowell et al. 201 @he
inherent dependence of the phase shift with wavelength expses in
Equation (5.1) constitutes an intrinsic limit in designing a polarzation
modulator that operates in a broad spectral range (i.e., achmmatic).
Achromaticity is necessary for wave plates that are designedrf
use with multi-band bolometric receivers, such as BLAST-Pol (se
Chapter 4 of this thesis), PILOT (Bernard et al. 2007), or SCUBA-
2 (Bastien et al. 2005, Savini et al. 2009). To achieve a broadlzhn
performance, multiple-plate solutions have been concedven the past
(Pancharatnam 1955, Title & Rosenberg 1981) to compensatedato
keep the phase shift approximately constant across the baniith, by
stacking an odd number (usually 3 or 5) of birefringent platesfdhe
same material, which are rotated with respect to each other abbu
their optical? axes by a frequency-dependent set of angles.
Achromatic wave plates have been designed and built for astram-
ical polarimeters at mm and submm wavelengths by many authors i
the last decade (Hanany et al. 2005, Pisano et al. 2006, Savini ¢t a
2006, 2009, Matsumura et al. 2009), following the Poincae sptee(PS)
method rst introduced by Pancharatham (1955). We brie y reall it
here for completeness (see also Appendix A of Moncelsi 2007). Pploe
larization state of a monochromatic wave in a given referenceafne can

1 The references listed here describe instruments with wavelates optimized to operate in a single
photometric waveband, centered at o and typically 10{30% wide; hence, these are not strictly
monochromatic. However, these wave plates are referred tosamonochromatic in astronomical
jargon, because they cover a single waveband, within which uation (5.1) is a good approximation.

2 We distinguish between \optic" axis of a crystal, that is the direction in which a ray of trans-
mitted light experiences no birefringence, and\optical" axis, that is the imaginary line along which
there is some degree of rotational symmetry in the optical sstem described.
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be represented by a set of coordinates, latitude and longituden the
PS that quantify, respectively, the ellipticity angle (sin2 / sin ')
and the orientation angle of its major axis (tan2 / cos '). A lin-
early polarized state appears only on the equator (withQ and U at
the four antipodes), while the left and right circularly polarizd states
(V) lie at the north and south poles, respectively (see Figure 5.1).

Fig. 5.1 Polarization states on the Poincake sphere. Note #t in physics Q is taken
to be horizontal (vertical) polarization rather than N-S (EW) polarization as per
the astronomers' convention (see Section 4.5.1). (from Savet al. 2006).

Propagation of a wave through a single birefringent slab will ro
tate its polarization state on the PS by an amount dependent orhe



5. Half Wave Plate and Polarimetry 158

relation between wavelength and thickness (Equation 5.1)baut an

axis whose orientation depends upon the position of the optaxis of
the wave plate with respect to the reference frame of the incong po-

larization state. Speci cally, an ideal monochromatic half-ave plate
produces one PS rotation of 180 changing a linear polarization state
to another one on the equator.

When a polychromatic wave packet enters a multiple-plate HWP,
the input polarized states of all wavelengths overlap in a singf®oint
on the PS (see point 1 in Figure 5.2). After the rotation due to the
rst plate, the polarization states of di erent wavelengthswill be scat-
tered along an arc on the PS (point 2 in Figure 5.2), with separations
that depend on the bandwidth of the wave packet. As antici-
pated, this e ect can be compensated for by stacking togethan odd
number of birefringent slabs, rotated with respect to each o#r by a
symmetric pattern of angles (, , , ,and for 5 slabs) about their
optical axes (as derived by e.g., Pancharatnam 1955, Title & Ren-
berg 1981). Figure 5.2 visually illustrates how the various polaason
states regroup in a small area of the PS surface, thus achievimgearly
frequency-independent output polarization state, within a ertain

We note that, strictly speaking, all the four parameters that bar-
acterize a crystal,ne, no, ¢, o, depend upon wavelength (as we will
illustrate in detail for sapphire); in particular, the di erent f requency-
dependence of the ordinary and extraordinary refraction indes enters
Equation (5.1) in a non-trivial way, thus rendering the desigrof an
achromatic HWP increasingly di cult as broadens.

Using the above PS method, we design and manufacture a HWP
for the BLAST-Pol instrument, which is successfully used as a polar-
ization modulator to study the role of magnetic elds in the ealiest,
highly obscured stages of star formation, via the polarizedulsmm
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Fig. 5.2 Rotations on the Poincae sphere for a ve-plate HWPWe note that the
regrouping of polarized states at di erent frequencies isiidlependent of the initial
position on the PS equator. (modi ed from Savini et al. 2006)

emission from aligned elongated dust grains (see Chapter 1). BLAS
Pol requires an extended frequency range to cover three acgat 30%
wide spectral bands at 250, 350, and 500n. A Pancharatnam (1955)
ve-plate design is chosen with axis orientations of =0, =26,
=90:3, =26,and = 0 ; these angles are optimized using
the physical and analytical model developed by Savini et al. (R6)
for an achromatic HWP, which in turn is based on the work of Title
& Rosenberg (1981). In Figure 5.3 we show an exploded view of the
BLAST-Pol HWP assembly; to our knowledge, this is the most achro-
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matic half-wave plate ever produced at mm and submm waveldhg.

Fig. 5.3 Exploded view of the BLAST-Pol HWP. We also show the twdayer anti-
re ection coating described in Section 5.2.4. (modi ed fnm Savini et al. 2006).

5.2.3 HWP manufacture

In addition to the broad spectral range of operation, the BLAS-Pol
HWP is required to function at cryogenic temperatures (4 K, seee$-
tion 4.5) for two main reasons: (1) reduce the thermal emissiorom
a warm optical element placed in the optical path, which wouldan-
stitute a signi cant background load on the bolometric deteatrs (see
Section 4.3); and (2) reduce the losses in transmission due to aips
tion from the stack of ve crystal plates, which drops dramattally with
temperature. The absorption in a crystal at FIR wavelengths ishe
result of the interactive coupling between the motions of themally
induced vibrations of the constituent atoms of the substraterystal
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lattice (which propagate as waves called phonons) and the incide
radiation. Because the phonon population is much reduced abw
temperatures, cooling the crystal e ectively reduces the abgption.
The two obvious candidates (uniaxial birefringent) crystalsare sap-
phire and quartz, because of their favorable optical proptes in the
FIR/submm (Loewenstein et al. 1973). Sapphire is chosen oveuaytz
due to its larger di erence between ordinary and extraordinar refrac-
tionindex ( ne o 0:34 for sapphire, and 0:13 for quartz Loewen-
stein et al. 1973; see also Figures 5.4, 5.5), which implies a smaller
thickness for the plates (see Equation 5.1). Since quartz andpphire
have a comparable level of absorption at cryogenic temperaéis in
the wavelength range of 200{600m (Loewenstein et al. 1973), thinner
substrates are desirable to minimize absorption losses { e 9).
Nonetheless, the thin sapphire substrates chosen for the BLAS
Pol HWP do indeed show appreciable absorption, especially at the
shortest wavelengths (250m band; see Section 5.2.5). We have high-
lighted how the frequency dependence of both the refractive iexl and
absorption coe cient for the chosen birefringent crystal is oucial to
the overall performance of the HWP. Therefore, in Figures 5.4, 5.5,
5.6, and 5.7 we graphically report a collection of spectral measur
ments® and analytical expressions from the literature of the indicesfo
refraction and the absorption coe cient at the wavelengthsrelevant
to BLAST-Pol, for the extraordinary and ordinary axes of sapphe,
both at room and cryogenic temperatures. The details and relant
references are given in the captions. Albeit not necessarily coleie,
to our knowledge this collection represents the most comprelsve

3 Throughout this Chapter we make use of the wavenumber,k, as a unit of frequency, ex-
pressed in cm ! as customary in spectroscopy, withk cm * = % = %, ork cm ! =

127[m£6'ﬁ] = %O:n] , Wherec is the speed of light in vacuum. Furthermore, we adopt a colorcode in

the plots whereby curves referring to the three BLAST-Pol bands, 250 , and 500 m are drawn
in blue, } and red, respectively.
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characterization of the optical properties of sapphire atutbmm wave-
lengths, both at room and cryogenic temperatures. We capitaé on
this information in the analysis that follows in this chapter, thowgh we
anticipate that, from the data shown in Figure 5.7, we would expéc
a residual absorption from sapphire of at least 2.5% at 25@n (for a
total thickness of 2.5mm; see later on in this section), even at 4 K.

. 73.406 €
& 3.7 ] &
3 - -3.404 2
e L. f ';
= >OF 13.402 9
.0 B ] S
S 35 ©3.400 5
0 13398
E\ C N C
O 3.4 ; i '_6
< - -3.396 £
2 B ] o
O C _ _‘:

3.3- 13.394 %
20 25 30 35 40 45 50

Wavenumber [cm™']

Fig. 5.4 Sapphire ordinary (solid line, relative to the primary y-axis) and extraor-
dinary (dashed line, relative to the secondary-axis) real part of the refraction
indices as a function of wavenumber, at room temperature. €hanalytical relations
are given by Savini et al. (2006), and, strictly speaking, oy apply for frequencies
. 1THz (dotted vertical line). Also shown is the relative spectl response of the
three BLAST-Pol channels, in arbitrary units (see Section 2).

The ve plates of the Pancharatnam (1955) design all have the
same thickness. To cover the broad wavelength range of 20006 m,
a plate thickness is chosen to produce a HWP at the central waealgth
of the central band, 350 m. By using the spectral measurement of the
refractive indices for cold sapphire presented in Figure 5.5 (@52 m

0:33), and imposing the required phase shift of 18®etween the two
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Fig. 5.5 Sapphire ordinary (solid lines, relative to the pmary y-axis) and extraor-
dinary (dashed lines, relative to the secondary-axis) real part of the refraction
indices as a function of wavenumber, at cryogenic tempera@s. The two analytical
relations covering the whole frequency range are derived Bavini (2010, private
communication) from a set of spectral measurements of a sdye sample at 80K,
and, strictly speaking, only apply for frequencies 1 THz (dotted vertical line). We
also plot measurements from Loewenstein et al. (1973; diants) at 1.5K and Cook
& Perkowitz (1985; squares) at 60K, displaced ir by 0.25cm ! for visual clarity;

the lines connecting these data points follow the conventicshown in the legend.

orthogonal polarizations traveling through the plate, Equabn (5.1)
yields for the thickness of a single plate a value0.53 mm. The nearest
available thickness on the market is 0.5mm. A deviation of 0.3 mm
from the desired thickness translates in a departure of10 from the
ideal phase shift of 180at 350 m, which is approximately what we
measure (see Figure 5.27). We brie y discuss the implications tbifis
systematic at the end of Section 5.2.6.

The orientation of the optic axis on each sapphire plate is date
mined with a polarizing Fourier transform spectrometer (pFTS hee-
after), which is brie y described in Section 5.2.5.1. Each plate iof
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Fig. 5.6 Ordinary (solid lines) and extraordinary (dashedihe) sapphire absorption
coe cient as a function of wavenumber, at room temperature ad at 150K. The

upper two analytical relations are given by Savini et al. (2W6) at room temperature,
and, strictly speaking, only apply for frequencies 1 THz (dotted vertical line). We

also plot for reference room temperature measurements froooewenstein et al.
(1973; diamonds) and Cook & Perkowitz (1985; squares withbaonnecting line),

displaced inx by 0.5cm ! for visual clarity. Also shown is the relative spectral
response of the three BLAST-Pol channels, in arbitrary unit§see Section 4.2).
Finally, we include the analytical dependence of, at 150K, as published by Cook
& Perkowitz (1985; squares with connecting solid line).

tated between two aligned polarizers at the pFTS output until a mai-
mum signal is achieved. The use of two polarizers avoids any comat
tion from a partially polarized detecting system and any crossgbariza-
tion incurred from the pFTS output mirrors. The HWP is assembled
by marking the side of each plate with its reference optic axisd ro-
tating each element according to the Pancharatnam design stxibed
in the previous section. The stack of ve carefully-oriented smphire
substrates, interspersed with one 6m layer of polyethylene, are fused
together with a hot-pressing technique used in standard Iteproduc-
tion (Ade et al. 2006). The polyethylene has negligible e ects on &
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Fig. 5.7 Ordinary (solid lines) and extraordinary (dashedithes) sapphire absorption
coe cient as a function of wavenumber, at cryogenic tempetares. The two analyt-

ical relations covering the whole frequency range are degtvby Savini (2010, private
communication) from a set of spectral measurements of a sdye sample at 80K,
and, strictly speaking, only apply for frequencies 1 THz (dotted vertical line). We

also plot for reference measurements from Loewenstein et @973; diamonds) at
1.5K and Cook & Perkowitz (1985; squares) at 60K, displaced kx by 0.25cm * and

in y by 0.003cm? for visual clarity; the lines connecting these data pointsoflow

the convention shown in the legend.

nal optical performance of the HWP, because when heated it seep
into the roughened surfaces of the adjacent plates. The thickness of
the resulting stack (uncoated HWP) is 255 0:01 mm; its diameter is
1000 0O:1mm. A two-layer anti-re ection coating (ARC), necessary
to maximize the in-band transmission of the HWP (see Section 5.2,4)
Is also hot-pressed to the front and back surfaces of the assésab
plate, again using 6 m layers of polyethylene; the layer adjacent to

4 In order to improve the robustness of the bond, the individud substrates are sandblasted with
aluminium oxide (Al,O3) prior to fusion; this procedure dramatically improves the grip of the
polyethylene between adjacent crystal surfaces. Carefulleansing and degreasing of all the crystal
surfaces is required after sandblasting; in particular, weuse trichloroethylene, which we found to
be most e ective to remove the traces of oily substances duectthe sandblasting process.
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the sapphire is an arti cial dielectric metamaterial composd of metal
mesh patterned onto polypropylene sheets (Zhang et al. 2009hile
the outer layer is a thin Im of polytetra uoroethylene (PTFE). Th e
thickness of the nal stack (coated HWP) is 280 0:01mm. The
diameter of the ARC is set to 88 0:1 mm, slightly smaller than
that of the HWP to avoid any contact between the coating and the
HWP mount (see Section 4.5); the ARC is bonded concentrically to
the HWP and thus its diameter de nes the optically-active area othe
HWP. A photograph of the coated HWP is shown in Figure 5.8.

Fig. 5.8 Photograph of the anti-re ection coated BLAST-Pol HWP.

Because of the thermal expansion mismatch between the sapghi
and the polypropylene, the HWP assembly has undergone cousite
cryogenic cycles prior to the ight to test the robustness othe bond
at liquid helium temperatures. We point out that the HWP has been
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successfully installed in the BLAST-Pol cryogenic receiver and own
from balloon platform for about ten days, without delaminationof the
ARC or damage to the assembly.

5.2.4 Anti-re ection coating

The presence of an anti-re ection coating (ARC) on both sides of
the HWP is required to minimize the re ections due to the impedance
mismatch between the higha birefringent crystal and free space, which
would substantially degrade the overall optical e ciency of he system.
As a consequence of the inclusion of an ARC, the in-band transmissio
Is maximized and very little radiation is re ected o the HWP, which
would otherwise be scattered inside the optics box and couldestually
end up on the detectors. The large bandwidth of BLAST-Pol dictates
the need for an ARC solution that is at least as achromatic as the
HWP. Furthermore, the materials employed must be suitable fouse
at liquid helium temperatures.

Before describing the particular solution adopted for the BAST-
Pol HWP, we briey review here the principles of operation of an
ARC. In propagating from one medium (air) with refractive index
n, into another one with refractive indexn, (sapphire), a fraction
R = % ? of the light will be re ected o the boundary surface
between the two media. By applying a coating, with refractivéndex
nsz and thicknesst, on the sapphire plate, the light is re ected twice
at the two boundary surfaces; if the optical path di erence beveen
the two re ections is a half-integer number of wavelengths,hie two
re ections interfere destructively and the re ection is mininmzed. This
condition is satis ed when

t= — (5.2)
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For fully destructive interference the amplitudes of the two rec-
tions should be equal; this is achieved by choosimg = P niny. Itis
clear from Equation (5.2) that a single layer of ARC is e ective oly at
one wavelength. Broadband performance can be achieved bscking
multiple layers of materials with progressively higher refrdive indices,
which create a smoother impedance match betwean and n..

5.2.4.1 Old recipes: higm powders and loaded ceramics

ARC solutions at mm wavelengths use multiple layers of eitheips-
cially prepared polypropylene layers loaded with high refractivendex
powders (TiO,; Pisano et al. 2006, Savini et al. 2006) or ceramic-based
materials (e.g., Rogers TMM material; Savini et al. 2009) to create
a particular refractive index. These ARC recipes need usually thee
layers to achieve a at response across the band. Each layer uegs
hot-pressing onto the HWP stack, and subsequent grinding tahé
required thickness. There are several disadvantages to bdttese ap-
proaches: the loaded powder layers are slow to manufacture besa
the powder needs to be uniformly mixed in the polypropylene, and
then the layers have to be hot-pressed to the appropriate thiokss;
the ceramics are brittle and can only be thinned with a grindingech-
nique, which is time-consuming and unreliable for thicknesses|bw

100 m. Among all the drawbacks listed, this latter point is the one
that engages us to design a new ARC solution (described in the mex
section), as at submm wavelengths the required thicknessef high
refractive index materials @ 1.2{2.75) are of the order of tens of
microns (see Equation 5.2).

5 Rogers Corporation supply TMM high-frequency laminate materials: www.rogerscorp.com.
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5.2.4.2 New recipes: arti cial dielectric metamaterials

As anticipated in the previous sections, the technical di cuties in the
manufacture of conventional ARC solutions at submm waveletits led
us to develop a novel arti cial dielectric metamaterial (ADM), which
is thoroughly described in Zhang et al. (2009); we brie y review he
its salient features.

The material is manufactured from layers of photolithographed
metal mesh (copper; Tucker & Ade 2007) patterned onto thin pgpropy-
lene sheets, which act as embedding dielectric. Speci callyd metal-
mesh layers (periodic structures of square grids patternsjeaimmersed
in the polypropylene substrate at a distance of 8m from the top and
bottom surfaces and with a spacing of 24m between the two layers.
The 40 m multi-layer structure is assembled and then hot-pressed at
temperatures close to the polypropylene melting point (16@).

The arti cial material thus created has the consistency of adid
plastic Im that can be easily handled, cut to the desired sizeand
reliably cycled to liquid helium temperatures. The refractive indx of
this metamaterial can be tuned by adjusting the geometry anslpacing
of the metal-mesh layers. The particular ADM prototype that Zhag
et al. (2009) describe and fully characterize is applied as an ARG t
a quartz substrate; subsequently, the recipe has been optead for
sapphire substrates in the wavelength range 200{60.

As anticipated, a second layer of coating is necessary to acldgev
the required broadband performance. We use a 5t layer of porous
PTFE®, which has refractive indexn = 1:375; its thermal expansion
coe cient is closely matched to that of polypropylene, so it repesents
an ideal solution for our application at cryogenic temperatuas.

Finally, the two ARC layers are interspersed by 6m layers of

6 http://www.porex.com/porous.cfm
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polyethylene and hot-pressed concentrically to the top and ktom
surfaces of the HWP stack (the two layers can in fact be bonded in
one single press cycle). The nal ARC assembly has a thicknesk o
125 15 m and an outer diameter of 88 mm.

Such a metal-mesh ADM design has complete control over the ¢kt
ness of the coating layer and the embedding material is not bite,
hence it has better performance in thermal cycling. The BLAST-Pol
coated HWP represents the rst successful application of theemv-
concept THz coating. Incidentally, we mention that the design rad
manufacture of the HWP for the PILOT experiment (with similar
photometric bands to those of BLAST-Pol; Bernard et al. 2007) has
gone hand in hand with that of BLAST-Pol; LM has participated in
its fabrication, spectral characterization and cryogeniceisting.

Because of the thermal expansion mismatch between polypropge
and sapphire (or quartz), the application of this metal-mesADM as
an ARC is challenging for large-aperture cryogenic HWPs. Extenaly
previous work by Pisano et al. (2008), we have recently deseghand
realized a prototype polypropylene-embedded metal-mesh ldband
achromatic HWP for millimeter wavelengths (Zhang et al. 2011); tisi
will allow next generation experiments with large-aperture detéor
arrays to be equipped with large-format & 20 cm in diameter) HWPs
for broadband polarization modulation.

5.2.5 Spectral characterization

5.2.5.1 Introduction

We fully characterize the spectral performance of the BLAST-Ro
HWP by using a pFTS of the Martin{Puplett (1970) type. The
source is an incoherent mercury arc lamp with an aperture of 10 mm,
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whose emission is well approximated by a blackbody spectrum at
Te 2000K; a low-pass lter blocks radiation from the source at
wavelengths shorter than 3.4 m. The interferometer is equipped
with a P17 beam divider, a P2 input polarizer (at the source), and a
P10 output polarizer. The pFTS has a (horizontally) polarized out
put focused beam with § = 3:5 or, in other words, a converging beam
with angles . 8.

As we will show in the next sections, the pFTS allows us to mea-
sure the HWP performance as a function of frequency and incoming
polarization state. Furthermore, because of the strong depeaence of
the sapphire absorption coe cient on temperature (see Seioh 5.2.3),
we measure the spectral response of the HWP both at room temper
ature (Section 5.2.5.2) and at cryogenic temperatures (20K; Sec-
tion 5.2.5.3). Ultimately, we want to retrieve the frequency-depalent
HWP Mueller matrix and phase shift, which, in turn, determine the
spectral response and modulation e ciency we measure.

5.2.5.2 Room-temperature measurements

The schematic drawing of the room-temperature measurementrco
guration is shown in Figure 5.9, while a photograph of the optical
bench is shown in Figure 5.30, albeit with a di erent rotating sample
In the following, we describe each element in sequential ordeorh the
polarized pFTS output to the detector system.

In order to measure the HWP performance at near-normal inci-
dence, we use a planar convex polyethylene lens (with focus aeth
position of the output pFTS image) to generate a quasi-parallédleam
section; a second lens refocuses the beam onto the horn apertaf

7 We denote with P# [ m] the period of a photolithographed wire grid polarizer, which has #/2
copper strips with #/2 gaps on a 1.5 m mylar substrate.
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Fig. 5.9 Schematic drawing of the room-temperature spectreneasurements setup.
The horizontally polarized output of a pFTS feeds into a polgthylene lens that
creates a quasi-parallel beam and is then refocused onto thern aperture of the
bolometric detector. Two polarizers alternatively para#l and perpendicular create
the necessary polarization selection for the \co-pol" anctross-pol” sets of measure-
ments. The arrows for PP1 and PP2 indicate the selected poiaation, so that the
wire grid orientations are perpendicular to the arrows. (bm Zhang et al. 2011).

the detector system. The maximum range of incident angles is thu
limited by the input source aperture (10 mm), a beam spread of only
1.6 . This allows to evenly illuminate the entire optically-active area
of the HWP, as if it would be inside the BLAST-Pol optics box (see
Section 4.5.2).

The HWP is placed centrally in the collimated beam section be-
tween two P10 polarizers (the output polarizer is usually referdeto
as\analyzer"), which are tilted by 45 with respect to the optical axis
to avoid standing waves between the optical elements. This ttiin-
troduces four ports that are optically terminated with a close a ideal
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blackbody, Eccosorb AN72 absorb&r The e ciency of these polar-
izers is separately determined to exceed 99.8% over the range ef fr
guencies of interest, with a cross-polarization of less than 0.1%he
polarizers are initially aligned with respect to each other with the md
wires vertical (thus selecting horizontal polarization) with rgpect to
the optical bench, in order to avoid any projection e ect when tied.

Following the convention depicted in Figure 5.9, measurements with
aligned polarizers are referred to as \co-pol" transmissiol,. As
shown in the next section, the HWP has a complementary response
when the output polarizer (analyzer) is rotated by 90 about the op-
tical axis of the system (i.e., horizontal wires, selecting vadal po-
larization); data taken with this con guration are also necessy to
completely characterize the HWP, and are referred to as \crogml"
transmissior?, Typ.

Common to both the warm and cold measurements is the require-
ment to position and rotate the HWP accurately with respect to tis
optical axis. When at room temperature, the HWP is held and rotied
by a motorized rotating mount positioned centrally betweentie two
tilted polarizers. The mount has a xed orientation with respecto the
optical axis of the system; we position it so that the collimatedheam
has normal incidence on the HWP (within 1), and evenly illuminates
its surface. The electronically-controlled rotating mount carrotate
the HWP about its optical axis to obtain the polarization moduldion;
the resolution of the digital angular encoder on the rotatiorangle is
0.001. Besides Figures 5.9 and 5.30, a CAD drawing of the optical
bench setup, including the motorized rotating mount, can beotind in
Figure 1 of Pisano et al. (2006).

8 Emerson and Cuming, Microwave Products, http://www. eccosorb.com/.
9 We note that this de nition of cross-pol may dier from other conventions adopted in the
literature (e.g., that of Masi et al. 2006, who operate withaut a HWP).
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Finally, the detecting system used is a 4.2K liquid helium cooled
indium antimonide (InSb) detector, which is cryogenically Iteed to
minimize photon noise. The spectral coverage of the data is thued
ned by the cut-o frequency of the light collector waveguide (5cm 1)
and by two low-pass lters in the cryostat housing the bolometric d-
tector (60cm 1). We pay particular attention to ensure the absorption
of any diracted or re ected stray radiation. Besides terminding all
unused optical ports as described above, additional EccoscAN72
covers all the exposed metallic surfaces close to the opticatipa

The rapid scan system records interferograms with a 8n sam-
pling interval over a 10 cm optical path di erence, at a scan syl of
1 cmss 1; this results in a Nyquist frequency of 625 cnt and a spectral
resolution of 0.05cm?.

A rst dataset is obtained in co-pol con guration by scanning he
spectrometer in the absence of the HWP, which we refer to as the
background spectrum. This dataset de nes the pFTS referenceex-
tral envelope, and it is the set against which all the following spe@
are divided in order to account for the spectral features of thsource,
pFTS optics, detector system, and laboratory environment @., wa-
ter vapor). Subsequently, the HWP is inserted in between the tile
polarizers in co-pol con guration, and spectra are acquired anhany
di erent HWP rotation angles (resulting in a data cube). To enlance
the spectral signal-to-noise ratio, each dataset at a givemgle consists
of an average of two spectra, each obtained by computing theudtier
transform of an (apodized and phase-corrected) average Of iiterfer-
ograms? with the mirror scanned in both the forward and backward
directions. As anticipated, the resulting spectra are divied by the
background dataset, which in turn is the average of three speatrto

10 This is to all intens and purposes equivalent to averaging 60nterferograms together. However,
we proceed as described in the text for operative convenieac
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obtain the transmission of the coated HWP alone as a function of
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Fig. 5.10 Synthetic transmission spectrum from an atmosptie model, in arbitrary
units. Provided by Ade (2009, private communication).

Because these data are collected over several hours, the amamf
water vapor in the room is likely to slightly change with time; we ac-
count for this by taking background spectra approximatelyeery hour
and dividing the HWP spectra taken within that hour only by the
corresponding background dataset. Nevertheless, discétriresiduals
from atmospheric features can still be appreciated in the naHWP
spectra, especially at wavenumberk & 30cm ! (the BLAST-Pol
250 m band). We use a synthetic atmospheric transmission spectrum
(provided by Ade 2009, private communication; shown in Figure 10)
to correct the original spectra by concurrently scaling the anmpude
of the most prominent features, which are due to water vapor. We
nd that while some of the spectra do not need any correction atlia
others need to be corrected by as much asl5%; the corrected spectra
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are shown in Figure 5.11, where each line is a spectrum at a di erent
rotation angle of the HWP (in the range =0 {332).

An ideal HWP modulates the polarization at 4 , therefore in a com-
plete revolution there are four maxima (and minima), two for eeh of
the birefringent axes. The zero angle in this case coincides wite
HWP maximum, which is the HWP angle at which we measure maxi-
mum total power on the detector; this of course includes sighautside
of the HWP bands (in the range 5{60 cm?). As we will see later on in
this chapter, the position of the equivalent axes of the sappiei plate
stack (and hence the position of the HWP maxima/minima) depersl
upon the wavelength. Therefore the HWP maxima (and minima) we
assign while taking spectra are just a rough approximation. Alibugh
we do increase the angle sampling rate in the vicinities of a maxim
or minimum, in order to fully characterize the HWP it is not necessar
to take spectraexactlyat its maxima or minima.

Due to polarization symmetry, no appreciable change should be
observed in pairs of datasets taken at angles that are 18@part. We
verify that the experimental setup is symmetric with respecta the
HWP rotation by comparing spectra taken, for instance, near th two
maxima, at " =1[0 ;180] and at 5'® =[88 ;268]. The fact that
the curves are superimposed con rms that there are no artifés arising
from misalignments in the optical setup.

Although we do correct for the residual contaminations due to at
mospheric features, which mainly a ect the shorter BLAST-Pol wee-
lengths, we cannot rule out the possibility that some of the spgal
fringes may still be altered. Furthermore, and more importany, these
spectra show signi cant in-band transmission loss due to the abrp-
tion from sapphire at room temperature (recall Figures 5.6 an8.7),
which becomes more prominent with increasing frequency. Becaus
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Fig. 5.11 Measured co-pol transmission spectra of the codtBLAST-Pol HWP at
room temperature. Each line is obtained at a di erent HWP rotdion angle and is
the average of two spectra, each obtained by computing the tiger transform of an
(apodized and phase-corrected) average of 30 interferagia The resulting spectra
are corrected for residual contaminations due to atmospherfeatures by using the
synthetic spectrum shown in Figure 5.10. The solid black les show the approximate
extent of the three BLAST-Pol bands.

of these two reasons, we decide not to take cross-pol specttacom
temperature and repeat our measurements with the HWP in a vacuum

cavity, at temperatures as low as currently possible with thexperi-
mental apparatus at our disposal.

5.2.5.3 Cold measurements

The experimental setup for spectral measurements of the cattWWP
Is substantially di erent than that described in the previous setion,
except for the radiation source and the main pFTS module.

We position the HWP in a removable module of the pFTS, which
we refer to as\cold nger". Two photographs and a brief desgption
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of the module are given in Figure 5.12; it ts in the vacuum cavity at
the output port of the pFTS, as indicated in Figure 5.30.

(a) Front view. (b) Rear view.

Fig. 5.12 Photographs of the \cold nger" module of the pFTS,which ts in the
vacuum cavity indicated in Figure 5.30. The central cylindeis hollow and must
be continuously replenished with liquid nitrogen to maintan the temperature of
the HWP at 120K. Aluminium insulation and a thick copper strap improve he
thermal performance of the module. Two thermometers monitdhe temperature
at the bottom of the cylinder (base plate) at the edge of the gper HWP holder.
The rotator is manually driven via a gear train and a vacuum-aal shaft leading to
a manual knob outside the module. The resolution of the anajoencoder on the
rotation angle is 0.06. The presence of a thermometer on the rotating element
prevents rotations greater than 180.

While the base plate reaches temperatures close to the boilingmto
of liquid nitrogen (77 K), the HWP holder thermalizes at about 120K
despite the improved insulation and thermal link to the base plate
Other cryogenic tests conducted by bonding a thermometer dhe
center of a single slab of sapphire ensure that the tempera¢umea-
sured at the edge of an aluminium or copper holder closely matshe
that of the sapphire substrate at its center.

After the roughly two hours needed for the cold nger to thermbaze
(while continuously lling it with liquid nitrogen), we can character-
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ize the spectral responde of the cold HWP, by rotating it inside #n
vacuum cavity with a resolution of 0.06 on the rotation angle. In
this con guration, the P10 output polarizer of the pFTS acts asPP1

in the room temperature setup (see Figure 5.9), while a second P10
polarizer (analyzer, acting as PP2) is installed at the exit port fothe
vacuum cavity. On the outside of the cavity, the cryostat housg the
bolometric detector is connected with no air gaps to the exit port
This time we use a composite bolometer cooled at 1.5K by pumping
on the liquid helium bath; this detector is again cryogenically low-gss
ltered at 60cm ! to minimize photon noise.

Over two days of measurements, we acquire data cubes for cd-po
(Figures 5.13 and 5.15) and cross-pol (Figures 5.14 and 5.16) trans
missions using exactly the same parameters as quoted in the\pogis
section, except for the scan speed, which we increase to 2cm®
guicken the measurement process at no expense of the qualifytite
spectra. The background dataset is obtained in co-pol con gutian
by scanning the spectrometer in the absence of the whole coldger.
Because of the controlled environment in the vacuum cavity, oumea-
surements are now much less susceptible to the external eoviment;
however, we repeat background scans at the very end of our reeee-
ment session to monitor drifts in the bolometer responsivityrad other
potential systematic e ects. Next, prior to inserting the cotl nger
in the cavity, we characterize the instrumental cross-pol ohis setup
by rotating PP2 by 90 in cross-pol con guration and acquiring three
spectra. By averaging these cross-pol spectra and dividibyg the co-
pol background, we measure a cross-pol level of 0.2% or less ssthe
entire spectral range of interest (5{60 cm'); we include the resulting
cross-pol spectrum in Figures 5.13 and 5.14 (dark pink line).

In the surfaces depicted in Figures 5.15 and 5.16, slices of thealat



5. Half Wave Plate and Polarimetry 180

0.1 +

0.01 +

Transmission

0.001 +{-{t*H

0.0001

17 19 21 23 25 27 29 31 33 35 37 39 a 43 45 47
Wavenumber [cm™]

Fig. 5.13 Measured co-pol transmission spectra of the codtBLAST-Pol HWP at

120 K. Each line is obtained at a di erent HWP rotation angle anl is the average
of two spectra, each obtained by computing the Fourier trafigrm of an (apodized
and phase-corrected) average of 30 interferograms. Theidddlack lines show the
approximate extent of the three BLAST-Pol bands.

cube along the wavenumber axis constitute the measured spactor
di erent angles of the HWP, while slices along the angle axis rement
the modulation function of the wave plate at a given frequenogr, more
precisely, within a narrow band of frequencies de ned by a conmation
of spectral resolution and the spectrometer's instrument fction.
The features visible in all spectra (including those shown prexisly
in Figure 5.11) are spectral fringes due to standing waves geaied in-
side the stack of dielectric plates (even with a quasi-pertampedance
matching coating on the outer surfaces); the presence of seal inter-
spersed layers of polyethylene enhances the amplitude of thedes by
introducing small amounts of absorption at every internal re etion.
We note that both the co-pol and cross-pol transmission neahg
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Fig. 5.14 Measured spectra equivalent to those shown in Figus.13 but for cross-pol
transmission.

maxima occasionally exceed unity by 1{2% at low frequencies, iwh is
theoretically not possible. While the band integration of the tansmis-
sion curves still yields a transmission 1 (see later on, Equation 5.3
and Figures 5.18, 5.19), we discuss here possible issues in theeexp
imental setup that may cause some of the spectral fringes tagsitly
exceed unitary transmission at the longest wavelengths. Fifsive re-
call that for the room-temperature measurements we place ¢nrHWP
in a quasi-parallel beam by using two polyethylene lenses; ths mot
the case here, where the HWP is positioned roughly at the focus of
the polarized pFTS output. As mentioned in Section 4.2, an optical
path is slightly stretched by the insertion of a 2.5 mm-thick sapphire
HWP. In the case of a collimated beam this e ect is usually harmless,
whereas it could constitute a problem in a converging beam. In ou
case, the optical coupling between the converging pFTS outpaind
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Fig. 5.15 Data cube represented by a surface obtained by dtarg a set of spectral
co-pol transmissions of the HWP at di erent angles. Each meaeed spectra (as
shown in Figure 5.13) is a slice of the surface perpendicularthe angle axis.

the bolometer feed-horn may be altered with respect to the baalayund
con guration by the stretch in optical path due to the insertion of the
HWP in the vacuum cavity. In addition, the insertion of the cold HWP
in the vacuum cavity e ectively decreases the thermal backgund load
on the bolometer, thus increasing its responsivity. A combinain of
both these limitations in the experimental setup is likely to produe
a misestimation of the background level at low frequencies, thicaus-
Ing an excess transmission. Correcting for these e ects is beyothe
scope of this thesis and may be treated in a future work.

On the other hand, characterizing the uncertainty on the mesaured
spectra is certainly very relevant to the discussion that fws in the
next sections. Because we average a consistent number of riiete-
grams (30 2) to obtain the nal spectra, the statistical uncertainty
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Fig. 5.16 Equivalent data cube to that shown in Figure 5.15 lidor cross-pol trans-
mission. Note how the two surfaces are complementarily in aaerphase to each
other. Each measured spectra (as shown in Figure 5.14) is &aslof the surface
perpendicular to the angle axis.

associated with the average on a single dataset is found to begne
ligible, as expected. Rather, we average together all the availabl
background interferograms that are collected over one day ofea-
surements, and take the statistical dispersion as our estiteaof the
uncertainty associated with all the spectra collected on thatal. Be-
cause the thermodynamic conditions in the cavity under vacuurare
not susceptible to changes in the external environment, throcedure
allows us to account for drifts in the bolometer responsivity andtber
potential systematic e ects. We show in Figure 5.17 the mean blac
ground spectra and the associated error for the co-pol andoss-pol
measurement sessions. These errors are used in the followingiaec
to estimate the uncertainties on the HWP Mueller matrix coe cients.



5. Half Wave Plate and Polarimetry 184

G T I AR T =
-100 error bars h /A s
5 ; /Jw ‘;m& A f}:‘* é
= f 7 /ﬁ h ! E
= f \«,w [N E
E # a:‘“fw}ftf»\,‘\ 3
> / \ -
8 C f \ \ ]
o 3 ! “ \ \ —
S F * \ 3
8 . | (.
2 ‘ [
- | E
C \ \h I
- ‘ ~=ﬁ:::----..?
1 =2 : Co—pol || E
- | X=pol || -
L P/ I I BRI NI IR B \“ wwwwww | R R \P\AA IS R I SR N R R =

10 20 30 40 50 60 70

Wavenumber [cm™']

Fig. 5.17 Noise estimation for the spectra shown in Figuresl3. and 5.14. We plot
the mean background spectra (in arbitrary units) for the cgeol (black solid line)
and cross-pol (yellow solid line, shifted by 1 in the positevy direction for visual
clarity) as a function of wavenumber. The (10) error bars (in red) are quanti ed
as the statistical error on the mean. Also shown for referencethe relative spectral
response of the three BLAST-Pol channels, in arbitrary unit¢see Section 4.2).

We can now reduce the dependence on frequency of our data aibe
by integrating over the spectral bands of BLAST-Pol, as follows:
R
S L) T ) d

=ch .
Tep()= ° ';)1 () d ;

(5.3)

where the superscript\ch" refers to one among 250, 350, and®G0n;
() is the spectral response of each BLAST-Pol band (see Sec-
tion 4.2); and T, (; ) are points on the co-pol surface depicted in
Figure 5.15. A similar expression can be written for the cross-pol
band-integrated transmission. By performing this integratiorat every
angle for which spectral data has been obtained, the interpolah of
these data points will result in the modulation functions of the HWP
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at 120K for each of the BLAST-Pol spectral bands; these curves are
shown in Figure 5.18 for co-pol and in Figure 5.19 for cross-pol.
o[ T T
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Fig. 5.18 Band-integrated co-pol modulation functions ofiie BLAST-Pol HWP at
120K. The curves show the HWP polarization modulation functins for a fully
polarized source (with a at spectrum) parallel to the analyer in the three spectral
bands. Note how the position of the maxima (and minima) dependn the wave-
length, even when considering a at-spectrum polarized inp source; the dotted
vertical lines show the band-integrated positions of the HWRninima (shown in
Figure 5.24), which result from the tting routine describel in the next sections.

The modulation curves presented here assume that the incoming
polarized radiation has no dependence on frequency, or in otheords
that the input source has a at spectrum. Equation (5.3) can be
generalized to include the known (or assumed) spectral signaguof
a given astronomical or calibration source. More generally, alhé¢
band-averaged quantities that we have de ned here and will beeched
in the following are potentially a ected by the spectral shape ofhe
input source. However, we will see how the HWP transmission and
modulation e ciency are very weakly dependent on the specal index
of the input source, whereas the position of the equivalent axekthe
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Fig. 5.19 Band-integrated modulation functions equivaldrno those shown in Fig-
ure 5.18 but for cross-pol transmission.

sapphire plate stack is more signi cantly a ected (see also thanalysis
carried out by Savini et al. 2009), especially at 250 and 50n.

Figures 5.18 and 5.19 clearly show that there is a signi cant de-
pendence of the position of the HWP maxima and minima upon fre-
guency, even when considering a at-spectrum polarized inpubsrce.
These e ects are particularly important for a \HWP step and inte-
grate" experiment such as BLAST-Pol (see Section 4.5), and a ear
ful post- ight polarization calibration must be performed by wsing all
the information available from the pre- ight characterization of the
HWP. We begin to tackle this problem in the next section, where we
outline a relatively simple solution to account for most of te HWP
non-idealities in the data analysis pipeline, and in particulami the in
map-making algorithm (see Chapter 6).

The spectral transmission datasets of the HWP cooled at120K,
when compared to those taken with the HWP at room temperature
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(Figure 5.11), show a de nite abatement of the in-band losses due t
absorption from sapphire, as expected. However the e ect isilsap-
preciable, especially above 25cm 1. We have independent evidence
that the residual absorption nearly vanishes when the sapphiis fur-
ther cooled to 4K, as it is when the HWP is installed in the BLAST-
Pol cryostat. While it is not currently feasible for us to measw the
spectral response of the HWP cooled at 4K, the unique quality and
completeness of our dataset allow us to fully characterize thesibor-
mance of the BLAST-Pol HWP, as we will show in the following.

As anticipated in the previous chapter, we extrapolate our \cal’
dataset to 4K, using the data shown in Figure 5. The inferred co-
pol/cross-pol transmissions and modulation e ciency of the BAST-
Pol HWP (with its axis at 0 ) at 4K are shown in Figure 4.%%. For a
at-spectrum input source, here we quote the band-averagegheci -
cations of the HWP. The transmission at the maxima is 0.87, 0.91,
and 0.95 at 250, 350, and 500m, respectively; whereas the cross-pol
Is. 0.5%,. 0.2%, and. 0.5%, respectively. Finally, the modulation
e ciency, dened as (Tg, Tg)/(Tg + Tg,),is 98.8% 99.5%, and

99.0%, respectively.

5.2.6 Mueller matrix characterization

The nal goal of this chapter is to provide a set of usable paramets
that completely describe the performance of the HWP as measdrin

11 We use a combination of the analytical expression and the dat points; the former, strictly
speaking, applies at 80K and fork . 33cm 1, thus we complement it at higher frequencies with
the data points, which apply at < 60K. It is evident from Figure 5.7 that the sapphire absorption
coe cient has a very weak dependence on temperature below 8Q (see also Loewenstein et al.
1973, Cook & Perkowitz 1985), and in particular data points ollected at 1.5K are in good enough
agreement (within 2% on the resulting absorption ford = 2:5mm) with those collected at higher
temperatures (up to 80K). Therefore we can safely claim thatfor our application a combination
of the data shown in Figure 5.7 is a good representation of theapphire absorption at 4 K.

12 We have chosen to displace Figure 4.5 to Section 4.5.2 in orddor Chapter 4 to be self-
contained, since this gure depicts the overall performane of the HWP to the best of our knowledge.
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the laboratory. This set of parameters consists of the 16 coeients
of the Mueller matrix of a generic HWP, and the actual phase shif
For an ideal HWP, the Mueller matrix at =0 reads

0 1
10 O O
01 0O O
M pwp = o 1 0o ; (5.4)
00 O 1

and the phase shiftis ' =180 .

For a real HWP, these parameters always depart from ideality to
some extent, and by all means depend upon frequency. In theldw-
ing we describe an empirical model that we develop speci callor the
characterization of the BLAST-Pol HWP, though we note that it can
be applied to any HWP to recover its frequency-dependent degative
parameters. Such an empirical model is complementary to théwsi-
cal and analytical one developed by Savini et al. (2006, 2009hich
produces an analogous output by modeling the non-idealitie the
building components and their optical parameters.

By recalling the Stokes formalism (see Appendix A of Moncelsi
2007), we can formalize the experimental apparatus describedSec-
tions 5.2.5.2 and 5.2.5.3 as a series of matrix products as follows:

St = DT M) R( ) Muw R() Si (5.5)
Seh = DT My R( ) Muw R() Sh; (56)
whereD is the Stokes vector for a bolometric (polarization insensitive)
intensity detector, M B is the Mueller matrix of an ideal horizontal
polarizer,M [ is that of an ideal vertical polarizer,R () is the generic

Mueller rotation matrix, and S, is the horizontally polarized input
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beam from the pFTS. By expanding aII the matrices in Equation 5.5

0 1

1100 1 0 0

1 110 0O cos(2) sin(2) O
%= 21000 i o ()E
4 00 S|n(2) cos(2) O
00O00O 0 0 1

10 101

1

0
0 1
%:10 ai; ai § E@Q cos(2) S|n(2) 0 %ig
>0 o1 Ao S|n(2) cos(2) 0
as 0

0 Adz1 A4z Aasz

o

and computing the productd®, we obtain the following expression:

1 ay .
S = 5 %H?cosz ?st + (5.7)
1 an agy .
+ = _+—cosz —sin2 cos?2 +

2 2 2 2
ap2 dpo . .
_+—c032 —=sin2 sin2 ;
5 > > [ [ :

which can be rearranged as follows:

h
1
Sout = 3 2800 + @11+ a2+ 2(ap1 + @10)COS2 + (5.8)
[
+ (a;1 apxp)cosd  2(apgpt+ axpg)sin2 (ap+ apy)sin4d
= A+Bsin2 + Ccos2 + Dsin4 + Ecos4; (5.9
with
A L g A, B2 (5.10)
4 2 2
1 1
B Z(aoz"' agp);, C Z(a01+ ai0)
1 1
D é(a12+ ap;); E é(all az) -

13 We validate the results of all the matrix products in this the sis with the software Mathematica.



5. Half Wave Plate and Polarimetry 190

Similarly, we rearrange Equation (5.6) as follows:

0 1
1 10 O 1 0 0
1 1 0 0O cos(2) sin(2) O
s2=Y1000 i ( ) sin(@)
4 0O 0O sm(2) cos(2) O
O O 0O O 1
0 1 O 1 0
oo Qo1 Qo2 Ao 1 0 1
aljo a1 a2 algg 0 cos(2) sm(2) 0 1
20 Qo1 Ay a3 sin(2) 003(2) 0
azp az1 Azz Aas3 0 0 0
1 agp amo axy .
S(;(L‘ﬁ[ = E 7 ?00524‘ 7S|n2 + (511)
1 apn ann a1 .
+ = = = + == +
5 > > cos?2 > sin2 cos?2
do2 a1z o . .
= _—“ + —Z< .
> > cos 2 > sin2 sin2 ;
1h
So = 5 2a00 a11 @ +2(ags  ayg)cos2 + (5.12)
i
+ (a2 a1)cos4d +2(axy agy)sin2 +(ap+ ax)sing
= A% B%in2 + C%o0s2 + D%in4 + E°os4; (5.13)
with
po 1o, a2 (5.14)
4 0 2 2 '

1 1
B° Z(azo agy); C° Z(am aio)

1 1
D° é(alz"‘ ax); E° é(azz ap)

Finally, by performing linear combinations of the quantities dened
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in Equations (5.10) and (5.14), one can write the individual eleemts
that compose the Mueller matrix of a generic HWP as follows:

ago = 2(A+AY; an=2(C+CH (5.15)
ao = 2(C CY: an=2(A A°+E EY

ap = 2((B+BY; ap=2(B° B)

ap = 2(A A° E+EY; ap=ay=2(D° D);

where in the last equality we currently assume the symmetry of two
coe cients, a;» = ap;. This degeneracy may be broken by imposing
the conservation of energy, i.e. by requiring that the output ®kes
vector resulting from a generic polarized input traveling thragh the
recovered HWP Mueller matrix satis esl 2 = Q2+ U?. This additional
constrain may be included in a future work. Also, because our expe
imental setup is sensitive to linear but not circular polarizatia, this
method only allows to constrain the 9 elements of the Mueller maxr
associated with [; Q; U]. The remaining 7 coe cients associated with
V can only be measured with the use of a quarter-wave plate, which
induces a phase shift of 90between the two orthogonal polarizations
traveling through the plate; this measurement is beyond the epe of
this thesis and not pertinent to the needs of BLAST-Pol.

We want to estimate the 9 coe cients derived in Equation (5.15)
from the co-pol and cross-pol data cubes described in Sectw2.5.3.
Equations (5.9) and (5.13) encode a simple dependenceSdf; and
S, upon , the HWP rotation angle. Therefore, for a given fre-
guency, a minimization routine can be applied to the measuredans-
mission curves as a function of, to determine the parameter sets
[A;B;C;D;E]and [A°B%C%D®E] for the co-pol and cross-pol con-
gurations, respectively. By repeating the t for every frequency, we



5. Half Wave Plate and Polarimetry 192

have an estimate of the 9 coe cients as a function of waveletiy How-
ever, this procedure does not allow us to associate any uncénmtg to
our estimates.

A better approach to this problem is to use a Monte Carlo simu-
lation. We repeat the above tting procedure an elevated numdr of
times (1000 in our case); every time we add to every individualans-
mission curve a realization of white noise, scaled to the l1spectral
uncertainty as estimated in Figure 5.17, and compute the t usig
this newly generated transmission curve. In addition, for ewe fre-
guency we introduce a random jitter on the rotation angle thahas a
1 amplitude of 1. The dispersion in the tted parameters due to
the introduction of these two uncertainties, which are inherento the
measurement process, provides a realistic estimate of thecentainty
to be associated with each of the 9 coe cients. In particularat each
frequency, we produce 9 histograms of the 1000 tted values. eNise
the mode of each distribution as our best estimate for the caspond-
ing coe cient at that frequency, and the 68% con dence intervh as
the associated 1 error.

In Figure 5.20 we show a graphical representation of the 9-elent
Mueller matrix of the BLAST-Pol HWP at a given angle ( =0 ), as
a function of wavenumber. In Figures 5.21, 5.22, and 5.23 we shdwe t
resulting histograms for the 9 coe cients at 20, 28.6, and 40w¢ 1, re-
spectively (which are the center frequencies of the BLAST-Pol hds).

The behavior of the coe cients as a function of wavenumber skn
in Figure 5.20 suggests that the position of the HWP equivalent axes

ea hereafter, may have an inherent frequency dependence, which w
must investigate. ¢4 can be readily retrieved at each frequency by lo-
cating the rotation angle that corresponds to the rst minimum in the
tted transmission curve. Hence, ¢, is measured with respect to an



5. Half Wave Plate and Polarimetry 193

So1_ S0z
1.0 1.0
0.5 0.5
00l ] 0.0 WWNJMMMM 0.0 MWWWWMW
-0.5¢ 1 -0.5¢ 1 -0.5¢
_1'07 I I I I I ] _1'07 I I I I I I ] _1'07 I I I I I I
20 25 30 35 40 45 20 25 30 35 40 45 20 25 30 35 40 45
Wavenumber (cm™') Wavenumber (cm™') Wovenumber (cm™')
Q40 T2
1.0 1.01
0.5¢ 0.5 ’M ”.MM"
0.0 WWWW 0.0} 1
-0.5¢ 1 -0.5¢ 1 -0.5¢
_1'07 I I I I I ] _1'07 I I I I I I ] _1'07 I I I I I I
20 25 30 35 40 45 20 25 30 35 40 45 20 25 30 35 40 45
Wavenumber (cm™') Wavenumber (cm™') Wovenumber (cm™')
920 Qa1 Q22
101 7 1.01 7 1.01
0.5¢
0.0 s AN
-0.5¢
- 1 O I I I I I ] - 1 'O L I I I I I I ] - 1 O I I I I I I
20 25 30 35 40 45 20 25 30 35 40 45 20 25 30 35 40 45
Wavenumber (cm™') Wavenumber (cm™') Wovenumber (cm™')

Fig. 5.20 Graphical representation of the Mueller matrix ofhe BLAST-Pol HWP at

a given angle ( = 0 ), as a function of wavenumber. The (10) error bars (in red)
are quanti ed via a Monte Carlo, which accounts for random eors in the spectra
of amplitude as given in Figure 5.17, and random errors in theotation angle of
amplitude 1 .
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Fig. 5.21 Histograms at 20 cm! (central frequency of the 500 m BLAST-Pol band)

resulting from the Monte Carlo t of the HWP parameters. For e\ery histogram, the
dashed red line indicates the mode of the distribution, whicwe adopt as our best
estimate for the corresponding coe cient at that frequencywhile the two dotted

red lines indicate the 68% con dence interval, which we usesdhe uncertainty on

the retrieved coe cient.



5. Half Wave Plate and Polarimetry 195

Yoo 9o Qo2
T ] T RN B T LI
T [ : LT
15+ | | 141 |
| 15+ | |
I I 12 I
I I 10 I
< | < | < [ |
s 107 | B ol | F |
£ | £ | £ 8r |
» I » I » I
| | 6 |
°l l 5¢ l 4t l
| | |
| | 2r |
0 | | | I | | . L . .
0.925 0.930 0.935 0.940 0.0000.0050.0100.0150.0200.0250.030 —-0.005 0.000 0.005 0.010 0.015
_ -1
dqg a,; WN=28.57cm ay
\: 20 T T : : T o - : i
15¢ I I 15 I
| | |
I 15¢ I I
I I I
= | = | £ |
5 101 | e | s 101 |
£ | £ 10 | £ |
N | N | » |
I I I
5F I I 5r |
| Sr | |
| | |
! [ Lo ! I
. . 1 . n . Ll | 0 [ .
—-0.030-0.025-0.020-0.015-0.010 0.7850.7900.7950.8000.8050.810 0.25 0.26 0.27 0.28
920 az 7]
- T T T
20 : " : " 14F : T
I 15¢ I I
| | 121 |
157 | | |
| | 10 |
c I c I £ I
) | 5 101 | 5 gf |
c 10 | £ | £ |
» I » I ¥ gl I
I I I
st | 3 | g |
| | |
: Lo : I 2 I
OE. h I | 0 . [ . . Ll |
—-0.030-0.025-0.020-0.015-0.010 0.25 0.26 0.27 0.28 —-0.845 -0.840 -0.835 -0.830 -0.825

Fig. 5.22 Histograms at 28.57 cnt (central frequency of the 350 m BLAST-Pol
band) resulting from the Monte Carlo t of the HWP parameters. For every his-
togram, the dashed red line indicates the mode of the distultion, which we adopt
as our best estimate for the corresponding coe cient at thafrequency, while the two
dotted red lines indicate the 68% con dence interval, whiclwve use as the uncertainty
on the retrieved coe cient.
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estimate for the corresponding coe cient at that frequencywhile the two dotted
red lines indicate the 68% con dence interval, which we usesdhe uncertainty on
the retrieved coe cient.
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arbitrary constant o set that is inherent to the speci c expermental
setup; we set this o set to be zero at 25 cm'. Operatively, this means
that the HWP zero angle in the instrument reference frame ¢; see
Equation 6.2) must be calibrated using the 350m band. A plot of
ea @S a function of wavenumber is given in Figure 5.24.
As anticipated, it is of crucial importance to derive the band-
averaged value of ¢, for input sources with di erent spectral signature,

as follows: R,
—<h_ o RCh( ) eal )& )d .
= o ()& )d ’

where we adopt the same notation as in Equation (5.3) and the known

(5.16)

(or assumed) spectrum of an astronomical or calibration sowrds mod-
eled as&( )/ . We compute Equation (5.16) for a range of spectral
indices of interest: =0 for a at spectrum; = 2 for the Raleigh-
Jeans tail of a blackbody; = 4 for interstellar dust, modeled as a
modi ed blackbody with emissivity = 2 (Hildebrand 1983); and -
nally = 2 as a replacement for the mid-infrared exponential on
the Wien side of a blackbody to account for the variability of dat
temperatures within a galaxy (Blain 1999, Blain et al. 2003; see also
Sections 2.3.2 and 3.3.3). The results of this analysis are shown in
Figure 5.24 and in Table 5.1.

Expectedly, the impact of di erent input spectral signaturesis min-
imal at 350 m, where the HWP has been designed to function opti-
mally (see Section 5.2.3); whereas the spectral dependence is more
pronounced at 250 and 500m, and, if neglected, it may lead to an
arbitrary rotation of the retrieved polarization angle on thesky of
magnitude 2 ., =10{15 (3{5 ) at 250 (500) m (see Equation 6.2).

We have thus con rmed that the dependence of the HWP equiva-
lent axes upon wavelength is inherent to the achromatic desigiwe
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Fig. 5.24 Position of the HWP equivalent axis, 5, as a function of wavenumber (solid
black line). Note that this quantity is de ned with respect to an arbitrary constant

0 set that is inherent to the speci ¢ experimental setup; weset this o set to be zero

at 25cm 1. The band-averaged values for input sources with di erentgectral index

( ; see legend) are drawn as thick horizontal lines. Also showar freference is the
relative spectral response of the three BLAST-Pol channeli, arbitrary units.

now postulate that most of the non-idealities we see in the measd
HWP Mueller matrix (Figure 5.20) are primarily due to the wavelenth
dependence of ¢; along with the residual absorption from sapphire
at 120K. This hypothesis naturally ensues from the discussion pre
sented in Section 5.2.2 on the scatter in frequency that resultsom
any polarization rotation on the PS sphere produced by a muiile-
slab wave plate. The measurements ofs, presented in Figure 5.24
e ectively quantify the area of the PS surface in which the vaaus po-
larization states regroup. One can imagine that the HWP perfornmece
would approach ideality once this e ect is corrected for.

Therefore, we include ;( ) in our Monte Carlo as a frequency-
dependent o set in the array of rotation angles (so that ! ea);
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Fig. 5.25 Graphical representation of the Mueller matrix ofhe BLAST-Pol HWP at

a given angle ( = 0 ), as a function of wavenumber. Note that here we include in
the t the frequency-dependent position of the HWP equivalenaxis, as reported in
Figure 5.24. The (10 ) error bars (in red) are quanti ed via a Monte Carlo, which
accounts for random errors in the spectra of amplitude as @ in Figure 5.17, and
random errors in the rotation angle of amplitude 1
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Table 5.1. Band-averaged position of the HWP equivalent axier sources with
di erent spectral index

ca [de]
250 m 350 m 500 m
-2 4.9 0.30 2.7
0 57 0.35 2.3
+2 6.6 0.39 1.9
+4 7.5 0.44 1.6

Note. | The input source is as-
sumed to have a spectrun&/

and repeat our simulations. The results, presented in Figure Za,
can now be qualitatively compared to the Mueller matrix of an ida
HWP (Equation 5.4). The improvement is noticeable, especially in
the o -diagonal elements, and the resemblance to an ideal HWR i
remarkable across the entire spectral range of interest; thprocedure
e ectively acts to diagonalize the HWP Mueller matrix. Howeverthe
transmission losses due to absorption from the sapphire atL20 K still
a ect the diagonal elements of the matrix, as expected.

As a nal improvement, we extrapolate the ¢,-corrected HWP
Mueller matrix to 4 K by including in our Monte Carlo a correction for
the residual sapphire absorption (as detailed in footnote # 11using
the data presented in Figure 5.7). The results are shown in Figure 5.26

Although there still seems to be residual transmission losses doe
sapphire absorption at 250 and 350m, the retrieved HWP Mueller
matrix is nearly that of an ideal HWP. The band-averaged values of
the matrix coe cients for a at-spectrum input source are reported
in Table 5.2, along with their propagated uncertainty; the o -diagonal
elements are always consistent with zero within 2 and the modulus
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Fig. 5.26 Graphical representation of the Mueller matrix othe cold BLAST-Pol
HWP at a given angle ( = 0 ), as a function of wavenumber. Note that here we
correct for the temperature dependence of the sapphire abstion coe cient, as
described in footnote # 11, using the data presented in Figer5.7. The (10 ) error
bars (in red) are quanti ed via a Monte Carlo, which accountdor random errors in
the spectra of amplitude as given in Figure 5.17, and randonnrers in the rotation
angle of amplitude 1.
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Table 5.2. Band-averaged Mueller matrix coe cients

Band 250 m 350 m 500 m

apn 0905 0.006 1.001 0.006 1.008 0.007
Ao1 0.012 0.010 0.017 0.010 0.014 0.011
a5 -0.002 0.008 0.006 0.009 0.001 0.009
app -0.016 0.010 -0.021 0.010 -0.020 0.011
an 0.806 0.011 0.928 0.010 0.935 0.012
a;; -0.007 0.011 -0.009 0.014 -0.011 0.014
ap -0.008 0.008 -0.022 0.010 -0.021 0.010
a; -0.007 0.011 -0.009 0.014 -0.011 0.014
a; -0.808 0.008 -0.960 0.009 -0.979 0.010

Note. | These values are relative to Figure 5.26. The
input source is assumed to have a at spectrum.

of the three diagonal coe cients is always> 0.8. The combination of
these coe cients with the band-averaged values of ¢, given in Ta-
ble 5.1 gives a complete account of the HWP non-idealities to thest
of our ability.

We repeat the calculation of the band-averaged coe cientsof the
other spectral indices discussed in Figure 5.24; we nd values thexre
always within 1{2% of those reported in Table 5.2, and thus we do ho
explicitly report them here. Because the three diagonal elemts of
the HWP Mueller matrix e ectively determine the HWP co-pol/cross
pol transmission and modulation e ciency, this analysis conrms that
these quantities are very weakly dependent on the spectraidex of
the input source; these ndings are in very good agreement witlhose
of Savini et al. (2009). We will see in the next Chapter howyg, a1,
and ay, can be incorporated in the map-making algorithm in terms of
optical e ciency, , and polarization e ciency, ", of each detector.

Finally, we discuss a potential limitation to any linear polarizatio
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modulator, i.e. the leakage between axes. In a HWP, the phase shif
between the two axes should be as close to 18 possible to avoid
transforming linear polarization into elliptical, hence losing e dency.
The phase can not be directly measured in a pFTS, but it can be
indirectly inferred from the HWP Mueller matrix.

In order to recover the wavelength-dependent phase shift dfie
HWP, we recall the Mueller matrix of a non-ideal impedance-mated
single birefringent slab (Savini et al. 2009; at =0 ):

1
Mgap( =0; ')= > (5.17)
0 1

By comparing the matrix in Equation (5.17) with that of a generic
HWP, we can solve for the HWP phase shift as follows:

1 1
C o 22 ot an ? ap ap 2

COsS > > >

(5.18)

Equation (5.18) allows us to recover the phase shift from our knowl
edge ofagg, ag; and ay,. Figure 5.27 shows the estimated phase shift
of the BLAST-Pol HWP as a function of wavenumber, before and
after the introduction in our Monte Carlo routine of the wavelengh-
dependent position of the HWP equivalent axis depicted in Figure 34.
The improvement is striking, and con rms the fact that most of the
HWP non-idealities due to the achromatic design can be more dgs
modeled by estimating ¢4( ). This nding further encourages us to
implement , in the map-making code (see Chapter 6).
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Fig. 5.27 HWP phase shift as a function of wavenumber, beforerange) and after
(black) implementing in the Monte Carlo the wavelength-depndent position of the
HWP equivalent axis (Figure 5.24). The (3 ) error bars (in yellow) are obtained by
propagating the error on the Mueller matrix coe cients. The band-averaged values
of the phase shift (for a at-spectrum input source) are draw as thick horizontal
lines (only for the upper black line). Also shown for refereeds the relative spectral
response of the three BLAST-Pol channels, in arbitrary unit§see Section 4.2).

Nonetheless, the ¢s-corrected phase shift appreciably departs from
180. We have already highlighted that this deviation is primarily due
to the 0.3mm di erence between the desired thickness of the single
sapphire substrates and that which was available on the markesde
Section 5.2.3). However, we have indications that the modulatoef-
ciency of the HWP at 4K is only mildly a ected by this departure
from ideality. From Figure 4.5b we see that the extrapolated HWP
modulation e ciency is always above 95% across the whole speakr
range of interest, with band-integrated values exceeding 98%lore-
over, phase shift deviations of similar amplitude are measurea most
mm and submm-wave achromatic half-wave plates manufacturdo
date (e.g., Savini et al. 2009, Zhang et al. 2011)
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Finally, we verify that our methodology does not violate conser
vation of energy by ensuring that the output Stokes vector mailting
from a generic polarized input traveling through the recovereliWP
Mueller matrix satises 12 Q2+ U? in every instance describe above.

5.3 Polarizing Grids

Wire-grids or photolithographed grids are commonly used a®ry e -
cient polarizers at submm{mm wavelengths. For incident wavehgths
that are large with respect to the step of the grid, the compon¢rof
the incoming electric eld that is parallel to the metallic wires/strips
induces a current in them, leading to an almost perfect re ectiomf
this component. On the other had, the component of the eleatr eld
that is orthogonal to the wires/strips is almost perfectly transnitted.

In Section 4.5 we have introduced the BLAST-Pol polarimeter de-
sign, with photolithographed polarizing grids that are mountd in front
of each of the three BLAST-Pol feed-horn arrays, acting as awakrs.
The grids are patterned to alternate the polarization angle by ®
from horn-to-horn and thus bolometer-to-bolometer along thecan di-
rection. P10 grids (see footnote # 7) have a performance cko#o that
of an ideal polarizer in our frequency range of interest (200{600n);
the BLAST-Pol polarizing grids are P10. In Figures 5.28 and 5.29 we
show photographs of the photolithographed polarizing gridsrior to
the integration in the BLAST-Pol receiver.

In this section, we present the measured pre- ight global peof-
mance of the grids, and brie y describe the experimental poedure.
We do not measure the performance of the individual polarizecom-
posing each grid; rather, we characterize the global e cieycand cross
polarization of the two families of polarizers, which we will refer tas
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Fig. 5.28 Photolithographed polarizing grids for the 500m feed-horn array.

(a) (b)
Fig. 5.29 Two high-resolution images of the P10 photolithegphed polarizing grids
for the 500 m channel, obtained with a digital microscope.
\Q mask"and\-Q mask"in direct reference to the vertical or haizontal

orientation of the wires, respectively.
Although we do not record spectra, the experimental setup is wer
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similar to that described in Section 5.2.5.2 for the spectral measu
ments of the HWP at room temperature; a photograph of the appa-
ratus is shown in Figure 5.30. We x each grid to a manual rotator,
which is positioned centrally between two tilted P10 polarizersand
with normal incidence with respect to the collimated beam sectione
take measurements of the total transmitted power at di erentangles
as we rotate the polarizing grid. In order to characterize the ciency
and cross polarization of the grid, we also need to measure theél
transmitted power at the same anglesvithout the grid. We repeat
these measurements for the three grids at 250, 350, and 509.

Fig. 5.30 Photograph of experimental setup for measurementf the global perfor-

mance of the photolithographed polarizing grids. Although &/do not record spectra,

the experimental apparatus and procedure are very similaothose described in Sec-
tion 5.2.5.2 for the spectral measurements of the HWP at roonemperature.

Here we describe the mathematical formalism used to charactei
the performance of the grids. A generic polarizer is a polarizan
active optical component that attenuates unequally the ortbgonal
components of an optical beam, with ® pyx.y 6 1 that are the trans-
missions of the two orthogonal components. The Mueller matrixfo
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a generic rotating polarizer reads (see for instance Equation38 in
Appendix A of Moncelsi 2007):

Mgrid():% (5.19)
0 1
i+ Py c(pz ) s(p P 0
@ ) PR +2pp S+ R 2pp) O E
(P B) sc(pc+py 2ppy) SS(E+p)+2cpkpy O

0 0 0 20y Py
0 1
1 CCcos?2 S cos2 0
_ p?Bccos2 c?+s?sin2 sc(l sin2) O _
2 @scos2 sc(l sin2) s2+ cZsin2 0 ’
0 0 0 sin 2

wherec cos2; co co22: s sin2; s, sin?2 , and py
pcos ,p, psin .

By further de ning the e ciency p2 = p? cog , the cross
polarization p¢ = p?sin® , and 2pcpy = p?sin2 , we can
write Equation (5.19) as:

M grig ( ) = % (5.20)

0 1
+ c(C ) s(C ) 0

c( ) A( + )+2s> sc(+ 2) O E
( ) sc( + 2) s*( + )+2c¢ 0
2

0 0 0
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The total normalized power transmitted through each grid is:

St = DT M} Mgr&() siﬂ . 0 1 (5.21)
1100 1
1 110 1
= 31 0 OogMgrid()%OE?
0000 0

where we follow the same notation as in Section 5.2.6. Equation (5)2

can be further simpli ed, yielding:
Sout = + +2c¢c( )+ cSE( + )+ & (5.22)

(+ +)+2 c( )+ + )

0| Q, @ Rl

(L+sin2 )+2ccos2 + (1 sin2)

The dependency upon the rotation angle of the total normalized
transmitted power Sy, expressed by Equation (5.22), can be used in
a tting routine to recover the e ciency and cross polarization of
both the Q and -Q masks for each of the three grids.

The results are presented in Figures 5.31, 5.32, and 5.33 for the
polarizing grids at 250, 350, and 500m, respectively. The e ciency
of the grids is 97% or better, while the cross polarization is estated
to be always less than 0.07%.

5.4 Concluding Remarks

The goal of this chapter was to identify and measure the parame-
ters that characterize the optical properties and pre- ighte ciency

of the polarizing components integrated in the BLAST-Pol instru-
ment: a cryogenic achromatic half-wave plate, acting as linego-



5. Half Wave Plate and Polarimetry

Q mask 250um

100

200

300

1.0™ 4 = 0.997+0.054 1.01 1.002+0.065 7
F \ € = 0.0007+0.002 0.0003+0.004
0.8 0.8 B!
> >
E= =
C C
s 3
< 0.6 < 0.6 *
© [ o
[0} (0]
N I N
£ 0.4 £ 0.4r 1
5 I 5
=z =z
0.2 0.2r bl
QOi“‘H‘ ol N A OD7¢‘ I WS “m“‘;

—Q mask 250um

0 100

200 300

210

rotation angle [deq] rotation angle [deg]

Fig. 5.31 Measurements of total normalized power transmét through the 250 m

polarizing grid. The solid line is a t to the data points obtained using the analytical
expression given by Equation (5.22). The global values of eiency and cross
polarization for each of the two families of polarizers are displayed, alg with

their propagated uncertainty.

0.0l

0.2

Q mask 350um

1.009+0.059

n
€ 0.0007+0.005

100 200
rotation angle [deg]

300

0.8 0.8F
2> | 2
2 2
C C
2 I 2
€ 06 € 06
o) [ kel
O] o
N N
g 0.4 g 0.4
S I S
P z

0.2

0.0 L
0 100

0.970+0.051
0.0001+0.002

U
€

N

—Q mask 350um

o Lo vn oo

200

300

rotation angle [deg]
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larization modulator, and three sets of photolithographed parizing

grids mounted in front of the feed-horn arrays, acting as anaers.

We have described in details the theoretical framework, prires
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Fig. 5.33 Measurements of total normalized power transmét through the 500 m
polarizing grid. More details are given in the caption of Figre 5.31.

of operation and manufacturing process of a ve-plate sappk HWP,
which is, to our knowledge, the most achromatic ever built at mm
and submm wavelengths. In the same context, we have provided
useful collection of spectral data from the literature for the gaphire
refraction indices and absorption coe cients, both at room ad at
cryogenic temperatures.

We have brie y reviewed the past and present solutions adopde
as anti-re ection coating, and highlighted the technical chllenges for
all the designs, which vary with the wavelengths of operation an
the diameter of the HWP. The anti-re ection coating applied to he
BLAST-Pol HWP represents the rst successful application of a ne-
concept THz arti cial dielectric metamaterial.

Using a polarizing FTS, we have fully characterized the spectral
response of the coated BLAST-Pol HWP at room temperature and
at 120K; we have acquired data cubes by measuring spectra while
rotating the HWP to produce the polarization modulation.

The cold dataset contains measurements in both co-pol and cses



5. Half Wave Plate and Polarimetry 212

pol con gurations; we have used these two data cubes to eshie 9
out of 16 elements of the Mueller matrix of the HWP as a functionfo
frequency. We have developed an ad-hoc Monte Carlo algorithrnat
returns for every frequency the best estimate of each matredement
and the associated error, which is a combination of the uncentdy on
the measured spectra and a random jitter on the rotation ang|l

We have measured how the position of the equivalent axes of the
HWP, <5 changes as a function of frequency, an e ect that is inherent
to any achromatic design. Once this dependence is accounted in
the Monte Carlo, and a correction is implemented for the residlia
absorption from sapphire, the Mueller matrix of the HWP approahes
that of an ideal HWP, at all wavelengths of interest. In particula,
the (band-averaged) o -diagonal elements are always consist with
zero within 2 and the modulus of the three diagonal coe cients is
always> 0.8. Therefore, we have introduced in the BLAST-Pol map-
making algorithm (Chapter 6) the band-integrated values of ¢; as an
additional parameter in the evaluation of the polarization anig. To
rst order, this approach allows us to account for most of the non
idealities in the HWP.

We have investigated the impact of input sources with di erent
spectral signatures on ¢, and on the HWP Mueller matrix coe cients.
We nd that the HWP transmission and modulation e ciency are very
weakly dependent on the spectral index of the input source, wlears
the position of the equivalent axes of the sapphire plate stadc& more
signi cantly a ected. This latter dependence, if neglected, ray lead to
an arbitrary rotation of the retrieved polarization angle on he sky of
magnitude 2 ., = 10{15 (3{5 ) at 250 (500) m. The 350 m band,
however, is minimally perturbed by this e ect.

In principle, the measured Mueller matrix can be used to gener
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ate a synthetic time-ordered template of the polarization madation
produced by the HWP as if it were continuously rotated at = !t .
Continuous rotation of the HWP allows to reject all the noise com-
ponents modulated at harmonics di erent than 4 (synchronous de-
modulation) and is typically employed by experiments optimize to
measure the polarization of the Cosmic Microwave Background ¢e.
Johnson et al. 2007, Reichborn-Kjennerud et al. 2010). In suchk-e
periments, the HWP modulation curve leaves a de nite synchrons
imprint on the time-ordered bolometer data streams (timelings hence
it is of utter importance to characterize the template and remaw it
from the raw data. However, a time-ordered HWP template would
be of no use to a step-and-integrate experiment such as BLASDIP
whose timelines are not dominated by the HWP synchronous signal.

We have measured the phase shift of the HWP across the wave-
length range of interest to be 160, which appreciably deviates from
the ideal 180; this is primarily due to the unavailability on the mar-
ket of sapphire substrates with the exact desired thicknessHow-
ever, the modulation e ciency of the HWP is only mildly a ected by
this departure from ideality, being above 98% in all three BLAST-Fo
bands. Moreover, departures of similar amplitude are not uncanon
for HWPs at mm and submm wavelengths.

Finally, we have measured the e ciency the BLAST-Pol analyzers
to be at least 97%, and their cross polarization to be at most 0.9



6. THE BLAST-POL MAP-MAKER

6.1 Introduction

Map-making is the operation that generates an astronomical mpa
which contains in every pixel an estimate of the sky emission, @n
Is obtained by combining data from all detectors available at a gen
wavelength channel, their noise properties and the pointinghforma-
tion. The raw data consist of bolometer time-ordered streamsi(time-
lines), which are cleaned and pre-processed before being fed itiite
map-maker: in order, cosmic rays are agged and removed, thedwn
electronics transfer function is deconvolved from the data retams,
an elevation-dependent common-mode signal due to the rasidl at-
mosphere is removed concurrently with a polynomial t to the data
and nally the timelines are high-pass Itered to suppress thdow-
frequency (1/f) noise. The details of the pre-processing of tiELAST
timelines are extensively described elsewhere (Rex 2007, dr2007,
Wiebe 2008, Pascale et al. 2008), and we refer to these worksafaom-
plete account of the low-level data reduction. Note that the proess
of cleaning and preparing the bolometer time-streams for mapaking
in BLAST-Pol has closely followed that of BLAST, exception made
for the removal of discontinuities in the DC level of the bolometr,
caused by the half-wave plate (HWP; see Section 4.5) being gepl
approximately every 15 minutes (this operation is performedéfore
the high-pass ltering); also, the subtraction of an elevatin-dependent
term from the timelines was not needed in BLAST.
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In the following, we focus on the mathematical formalism of the
map-making technique, and its algorithmic implementation in thespe-
ci c case of BLAST-Pol. As a proof of concept, we produce prelimingar
intensity and polarization maps for a sample of the scienti c tegets
observed by BLAST-Pol during its 9.5-day ight over Antarctica, can-
pleted in January 2011 (see Section 1.2.5). Although the reduatiof
this dataset has not yet been nalized, the maps presented reeresult
as the culmination of the whole data analysis process and demtrate
the overall success of the mission.

6.2 Maximum Likelihood Map-making

For a non-ideal polarization experiment, by adopting the Sies for-
malism' and assuming that no circular ¥) polarization is present, we
can model the data as follows:
d = %A{p lp+ " Qpcos2i{+ Uysin2{ +ni: (6.1

Here,i, t and p label detector index, time, and map pixel respec-
tively; di are the time-ordered data for a given channel, related to the
sky maps [p; Qp; Up] by the pointing operatorA;; 'is the optical e -
ciency of each detector!' is the polarization e ciency of each detector
with its polarizing grid (analyzer); and n! represents a generic time-
dependent noise term. Throughout this discussion it is assuméuhat
the term within square brackets is the convolution of the sky erssion
with the telescope point-spread function (PSF).! is the time-ordered
vector of the observed polarization angle, de ned as the amgbetween

the polarization reference vector at the sky pixgb (in the chosen ce-

1 We refer to Appendix A of Moncelsi (2007) for a review of polaization basics.
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lestial frame) and the polarimeter transmission axis.| is given by:

ti= i+2 t 0 _ea + igrid ; (6-2)
where | is the angle between the reference vector at pixeland a vec-
tor pointing from p to the zenith along a great circle; ; is the HWP
orientation angle in the instrument frame; ¢ is the HWP zero angle in
the instrument frame; ., is the band-averaged position of the equiv-
alent axes of the HWP (dependent on the known or assumed spectral
signature of the input source; see Section 5.2.6); a”@hd =[0; =2]
accounts for the transmission axis of the polarizing grids (alyzers;
see Section 4.5) being parallel/perpendicular to the zenith gte.

The notation outlined above can be connected to the Mueller for-
malism developed in Chapter 5 to determine under which circum-
stances Equation (6.1) is valid in the presence of a real (i.e., nateal)
HWP. Because we have included in Equation (6.2) the band-averabe
position of the equivalent axes of the HWP, ,, the Mueller matrix of
the BLAST-Pol HWP can be considered almost that of an ideal HWP,
as discussed in Section 5.2.6. Nonetheless, we have shown that the
band-averaged values of the three diagonal matrix coe ciestare not
identically unity (but always > 0.8 in modulus), probably as a result
of residual absorption from sapphire, especially in the 250 a0 m
bands, albeit we have corrected for it to the best of our knowledg

In the light of these considerations, we now want to compare Equa
tion (6.1) to Equation (5.9), which both represent the signal masured
by a polarization insensitive intensity detector when illuminated by
a polarized input that propagates through a rotating HWP and an
analyzer. A term-by-term comparison yields that these twoxgpres-
sions are equivalent when the coe cient88 and C (de ned in Equa-
tion 5.10) are zero, i.e. when the HWP modulates the polarization
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purely at four times the rotation angle, with no leakage in the send
harmonic (twice the rotation angle) and thus no leakage df into Q
and U. These two coe cients are linear combinations of the HWP
Mueller matrix elementsag;; aio; do2; a2, Which we have shown in Ta-
ble 5.2 to be all compatible with zero within 2 . In addition, their
amplitude is at most 2% of that of the diagonal matrix elements, and
in the limit of elevated angle coveragehcos2i+ hsin2 i 0, these
terms (in twice the rotation angle) e ectively average out in he sums.
Therefore, the coe cients B and C can be neglected to rst order,
and the two expressions can be considered equivalent. Noneg#iss]
these generally moderate levels of! Q; U leakage can be readily ac-
counted for by incorporating in the map-making algorithm a coection
for the \instrumental polarization" (IP). We further this dis cussion in
Section 6.7.

In addition, after some elementary algebra, it results that =
ago+ %+ 22 andthat " = & 2 As anticipated in the pre-
vious chapter, the knowledge of the band-averaged values oétthree
diagonal matrix elements,agg; a11; a2 (which we have shown to de-
pend weakly on the spectral index of the input source), can beadily
incorporated in the map-making algorithm in terms of optical e -
ciency, , and polarization e ciency, ", of the HWP; these can be
factored in the overall optical e ciency and polarization e ciency
of each detector. From the values listed in Table 5.2, in our case
we nd [ nwp; "hwp] = [0:904 0:893] [0:985 0:958], and [0986 0:971] at
250, 350, and 500m, respectively.

Finally, the comparison of Equations (6.1) and (5.9) also yields
"= a;p» = ap, where we have introduced a new parameter,
, which quanti es the amplitude of the mixing of Q and U. From

Table 5.2, we see thata;, = a,; are always compatible with zero
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within 1 , and their amplitude is at most 1% of that of the diag-
onal matrix elements. Nonetheless we quantify the amplitudef the
Q$ U mixing to be pyp =0:0090:010, and 0.011 at 250, 350, and
500 m, respectively. While this correction is not currently includd
in our algorithm, we indicate that it can be implemented in a rela-
tively straightforward way by modifying Equation (6.1) with a double
change of variable, i.,e.Q! Q+ U andU! U+ Q. If is
estimated to the required accuracy, the unmixe and U can be re-
trieved unbiasedly. This correction may be very relevant to Ganic
Microwave Background (CMB) polarization experiments, where an
Q $ U leakage leads to a spurious mixing of thEE and BB modes.

We remind the reader that the above factors have been computdd
rectly from the band-averaged coe cients of the inferred HWP Mieller
matrix extrapolated at 4 K, and o er a direct way to include the mad-
eled HWP non-idealities in a map-making algorithm. On the other
hand, the band-averaged HWP maximum transmission, polarizatn
e ciency and cross-pol quoted at the end of Sections 4.5.2 and2%5.3
are estimated directly from the spectra extrapolated at 4K, ah are
only informative from an experimental point of view rather tha for
data analysis purposes.

Consider now one map pixep that is observed in one band by
detectors ( = 1;:::;k); let us de ne the generalised pointing matrix

A, which includes the trigonometric functions and the e ciences,

0 1
a1l 1nlpl 1 Il pl o 1
A Aj, COS2; Ajp SIN2 ;

Ap 5B 'Ap, '"Apcos2y MApsin2iC; (6.3)

KUKAL cos2( KUKAK sin2
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and the map triplet S,, along with the combined detector D) and

noise ;) timelines:

1
1

0 1 0
0 1 dt n;
I 5 5
Sp Qp§ , D th , Nt ni¢ : (6.4)
Up 5 5
df n

k
t

Equation (6.1) can then be rewritten in a more compact form, as
follows:
D = Atp Sp'l' Ny : (65)

Under the assumption that the noise is Gaussian and stationary,
the likelihood of S, given the data can be maximized, thus yielding
the well known generalised least squares (GLS) estimator 8g:

Sp= ALN Ay “AIN Dy (6.6)
whereN is the noise covariance matrix of the data in the time domain:
° i nki hnt nid hnl nk '
N hnino = m{.ntloi hni nki hn‘t.n{‘oi ; (6.7)
i nki hnk nli hnk nki

wheret; t°run over the detector time samples (typicallyNs  16°P{107).
Computation of the solution to Equation (6.6) is far from trivia in
most astronomical applications, due td\N being a very large matrix,
of sizekNs kNg. Understandably, it is computationally challenging
to invert this matrix, especially when there are correlations aong
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detectors, and a number of \optimal* map-making techniques dve
been developed in the literature to tackle this problem (e.g., Nali

et al. 2001, 2009, Masi et al. 2006, Johnson et al. 2007, Wu et al020
Patanchon et al. 2008, Cantalupo et al. 2010).

6.3 Naive Binning

If, however, the noise is uncorrelated between di erent detéors, then
the matrix in Equation (6.7) reduces to block diagonal:

mink =mnidi=0 (i6j): (6.8)
[ t'ht

In addition, let us assume that there is no correlation betweenoise
of di erent samples acquired by the same detector, or, in othevords,
that the noise in each detector is white. From Equations (6.7) and
(6.8), we can see that each \block" of the noise covariance tna col-
lapses into one value, which is the timeline variance for each detac
Hence,N becomes & k diagonal matrix where the diagonal ele-
ments are the sample variances of the detectors?, and weights can
thus be de ned as the inverse of those variances! 1= 2.
Therefore, in the assumption that the noise is white and uncorre-
lated among detectors, Equation (6.6) reduces to a simple, \ghted
binning (\naive" binning; see also Pascale et al. 2011) of the pa

0O 1 . .
|p FR PS Wi (Altp)T d{
§ i=1t=1 (Aip)T At )
Sp = BQpx = = . (6.9)
Up wi

In the light of these considerations, let us go back to Equation ()
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and model the generic time-dependent noise term} as:
ni=u+ ' (6.10)

whereu; represents a time-dependent noise term, completely uncorre
lated among di erent detectors, while describes the correlated noise
(constant over timescales larger than the ratio of the size tfie de-
tector array to the scan speed), coupled to each detector viae !
parameter, peculiar to each bolometer.

Let us de ne the following quantity for every pixelp in the map:

0 1 ° R i '
|e i=1t=1
e R i .
Qp di cos2!= ; (6.11)
e i=1t=1
U rRRs
di sin2 |
i=1t=1

whereNg is now the number of samples in each detector timeline that
fall within pixel p, and the superscript\e" stands for \estimated". The
above guantities can be computed directly from the detectaimelines.
Recalling Equations (6.1) and (6.10), we can outline the followinlgn-
ear system of 3 equations with 3 unknowns:

0 P _ P 1
0 el cos2! sin2 !
| '-t ist
P P , P . .
%QS; = 1% 0032' co§2t' cos2! sin2!
2 ||_,,t it ist
P :
U S|n2 ! cosZ sin2 ! - sin®2 |
it B | 1 It
0 1 (Ut )
I | '
%Qp§ + (“t ) cos2iy (6.12)

(ut ' Ysin2 |
it



6. The BLAST-Pol map-maker 222

where we have temporarily assumed = "' = w' = 1 and combined
the two sums in one, with the indices and t running, respectively,
over the bolometers and the samples in each detector timeline.

If we now de ne the following quantities,

X 1 X 1 , X 1
Npi = c ~cos2! ¢ ~cog2 !
X " it 2 X it 2 t X2 it 2
1 1 . : 1 L -
S —S|n2' Sz ésmzzt'; m EcosZ{stt'
|5( it X it X
sif2 =Ny ¢ U u; Cj Uy COS2/|
it X | X it | Xit | |
S ugsin2{; P ', C, ' cos2;
it X | it | it
S, ' sin2 |; (6.13)

the system in Equation (6.12) can be rewritten In compact form as:

1
N
%Qe§ %htz m §%§ %C“+C2 . (6.14)
m Npie € Si+S,

In order to retrieve an estimate ofS, from the quantities computed
in Equation (6.11), the above system has to be solved for everixel
p in the map. One can already see the computational advantage of
inverting a 3 3 matrix Npix  Npix times, with respect the inversion
of a generickNs kNg matrix (for detectors having uncorrelated 1/f
noise as well as a common-mode 1/f noise; Patanchon et al. 2008
or k matrices of sizeNs Ng (for detectors having only uncorrelated
1/f noise; Cantalupo et al. 2010). The main di culty is, of course,
to estimate the noise termsU; P; CJ; C,; SY; S,. However, recalling
Equation (6.2) and the fact that adjacent detectors have orthgonal



6. The BLAST-Pol map-maker 223

polarizing grids (érid = [0; =2]), we note that, in the sum overi,
adjacent detectors have equal and opposite contribution® tC, and

S, (as anticipated in Section 4.5.1), under the following assumpnts:

the timescale over which the correlated noise is approximayel
constant is larger than the time elapsed while scanning the same
patch of sky with two adjacent detectors;

' is not too dissimilar between adjacent bolometers.

This means that the termsC, and S, can be neglected, under the
above assumptions, while estimating th&]; U] maps. In particular, as
a rst step, we can solve forl only by high-pass ltering the timelines,
in order to suppress the correlated noise term in P. Subsequently|
can be assumed known, and th&€)} U] maps can be computed without
Itering the timelines, so that polarized signal at large angudr scales
Is not suppressed. In fact, we see from Equation (6.1) that in tHenit
of elevated angle coverage, the term in not being modulated at four
times the HWP rotation angle, e ectively averages out in the sms.

The other assumption required for the naive binning is that the
noise is white, at least on the timescales relevant to BLAST-Pol's &¢
strategy (see Section 4.5). As a matter of fact, preliminary angis of
the bolometer timelines from the 2010 campaign shows that the &e
of the 1/f noise in the di erence between two adjacent detects is
typically located at frequencies 0.1 Hz; assuming a typical scan speed
of 0.1 s 1, this corresponds to angular scales & 1deg in the sky.
The regions mapped by BLAST-Pol hardly exceed 1deg in size (see
Section 1.2.5), hence here we stipulate that the noise in the @rence
between pairs of adjacent detectors is white.

Therefore, under the assumptions above, we can solve the linear
system outlined in Equation (6.14); by de ning the following quant
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ties:
(c; Np) Np &+m? Ny +2csm s
A G+m?> Np; B c(; Np+sm;
C cm sc, D (c; Np)Np+ s% ; (6.15)

E cs mNy F oN, &;

the solution to the system can be written in compact form, as flows:
0

Ale+BQe+CUe

§ %Ble'l‘DQe'FEU . (6,16)

Clg+EQp+F Uy

where we have renamedl; ! Ny for brevity.

6.4 Weights and Uncertainties

The solution for S, given in Equation (6.16) is a simple, unweighed
binning of the data into the map pixels. In reality, as anticipaed in
Equation (6.9), we want to perform a weighted binning, where #n
weight of each detector is given by the inverse of its timeline vance,
which can be easily measured as the bolometer's white noise oordév
In our formalism, the weighted binning is simply achieved by deing
[I 5 Qp: Ugl in Equation (6.11), as well as each of the quantitieN, c,
S, G, Sy, and m introduced in Equation (6.13), to includew' in the
sums. Similarly, the measured values of the optical e ciencies and
polarization e ciencies "' can readily be inserted in Equations (6.12)
and (6.13) to account for the non-idealities of the optical sgem.

The introduction of the weights allows us to derive the expression
for the statistical error on S, in the continued assumption of uncorre-
lated noise, following the usual error propagation formula (g., Press
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et al. 1992; here we omit the sum ovdrfor simplicity):

X 1 > 2
2 = = =* (6.17)
5 : :
oW @d
After some tedious algebra, the expression for the statisticatror is:
0 1
Vary,
S = %Var§§ = (618)
Vary
0 1

% A2Np+ B2c+ C25,+2 ABCc+2ACs+2BCm
%% B2Np+ D?c,+ E?s,+2BDc+2BEs+2DEm § :
% C?Np+ E?cp+ F25,+2CEC+2CFs+2EFm

wheres, Np ©, as noted in Equation (6.13). To rst order, these
expression can be used to quantify the uncertainty of;[Q; U] in each
map pixel p. A more comprehensive account of the correlations in the
noise, as well as a thorough validation of the assumptions mabdere,
is beyond the scope of this thesis and will be treated in a future wo
Finally, we note that a better approach to estimating the unceainties
on the [I; Q; U] maps would be a Monte Carlo simulation, which more
e ectively accounts for the well known biases inherent to theickect
error propagation method.

6.5 Preliminary Maps

Firstly, we want to test the ability of the algorithm to genuinely re-
trieve the correct polarization on the sky, i.e. without introdudng
artifacts. In order to do so, we produce simulated polarizain maps
using observations of VY Canis Majoris (VY CMa) from the BLAST06
dataset. The total intensity I map is shown in the top panel of Fig-
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ure 6.1. We then simulate ap,, = 50 polarized Q and U input,
obtained from the BLASTO6 timelines asdy™ = d(1+0:5 cos2)
and d2?* = d(1+0:5 sin2 ), respectively. These synthetic timelines,
along with a simulated timeline containing the HWP angles, are #&n
fed into the map-making code as if they had been observed by BLAST-
Pol. The resulting polarization maps are shown in the four bottom
panels of Figure 6.1. In the case of a simulated input, the Q map is
retrieved correctly with a value at the source peak that is half ahat
in the corresponding pixel in thel map, while the U map is practi-
cally featureless, indicating that there are no artifacts intoduced by
the map-maker; a similar result is found for the simulatedJ input.
Therefore, these maps qualitatively demonstrate the e ecteness of
the algorithm in retrieving the polarization signal.

In addition, as a proof of concept of the naive binning techque for
the BLAST-Pol polarized map-maker, we presenpreliminary inten-
sity and polarization maps at 500 m for a sample of three scienti c
targets observed by BLAST-Pol during its rst Antarctic ight, co m-
pleted in January 2011 (see Section 1.2.5). The original maps have
been smoothed with a kernel of JFWHM; about three times that of
the nominal BLAST-Pol beam at 500 m) to mitigate the e ects due
to the uncertainty on the shape of the instrumental PSF, which r@
still being investigated.

The maps (shown in Figures 6.2, 6.4, and 6.6) are presented as
contour levels of the intensity mapl, upon which we superimpose
vectors indicating the polarization direction in the sky; the éngth of
each vector is proportional to the polarization degree (a vemt corre-
sponding topy, = 5 is shown for reference). The polarization degree
is obtained aspy, = Q2+ U2=l, and the sky polarization angle is
given by = jarctang. Because the absolute ux calibration has not
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been nalized yet, we choose not to report here the intensity \aes
corresponding to each contour level. These map should not be sh
ered of any scienti ¢ value as they are not calibrated in ux and tle
polarization angles may be rotated by an o set, as summarizddter

on in Section 6.7. Nonetheless, we note that the BLAST-Pol map of
the Carina Nebula shown in Figure 6.4 bears a promising resemblance
to the map produced by the Submillimeter Polarimeter for Antarctic
Remote Observations (SPARO; Novak et al. 2003) at 450n, which

is shown in Figure 1 of Li et al. (2006).

The polarization degree and position angle in the sky are two dii¢
most important observables that BLAST-Pol will yield; in particular,
as detailed in Section 1.2, the degree of dispersion in the polation
angle is an indicator of magnetic eld strength, while the variaibn
of the polarization amplitude as a function of wavelength candip
constrain models of grain alignment. In addition to the maps, &show
for each sourcereliminary histograms of the polarization degree and
the polarization angle in the sky (Figures 6.3, 6.5, and 6.7), whichhe
measured from the maps for each’8esolution element.

6.6 Concluding Remarks

In this chapter we have introduced the problem of producing &®-
nomical maps from raw bolometric data collected by an experimen
with hundreds of detectors. We have focused on the mathematlc
formalism of map-making, and the algorithmic implementation of a
naive binning technique for the case of BLAST-Pol, in the assump-
tion of white and uncorrelated noise. By using a simulated paized
input synthesized from the timelines of a bright calibrator fran the
BLASTO6 dataset, we have successfully tested the ability of thegal-
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rithm to retrieve the correct polarization on the sky.

In addition, as a proof of concept, we have presented prelimiya
maps for a sample of three targets observed by BLAST-Pol. Although
the reduction of this dataset has not yet been nalized, the nys
presented here demonstrate the overall success of the missio

6.7 Future Work

The polarization maps presented in this chapter are by all meanse
liminary and do not include several of the corrections relativeot the
HWP and the polarizing grids that we have derived in Chapter 5. In
particular, we have highlighted that the most important corretion
is that due to the wavelength-dependent position of the equilent
axes of the sapphire plate stack,.,. Speci cally, we have shown that
its band-averaged values, ., are signi cantly a ected by the spec-
tral signature of input source, which can either be known or asswed.
This dependence, if neglected, may lead to an arbitrary rotatmof
the retrieved polarization angle on the sky of magnitude 2., = 10{
15 (3{5 ) at 250 (500) m. The 350 m band, however, is minimally
perturbed by this e ect.

In addition, the optical and polarization e ciencies of each @tector
are still being measured as of this thesis' submission date danill need
to be combined with those due to the HWP that we have presented in
Section 6.2.

Furthermore, during the BLAST-Pol integration and ight cam-
paigns in Palestine (TX) and Antarctica, respectively, we have es-
timated for each detector the overall instrumental polarizabn (IP)
of the receiver, by measuring the signal detected by the boleters
when exposed to a completely unpolarized calibration source. dim-
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inary analysis of these datasets indicates very modest levelslBf in
the range of 0.5{1% (consistent with the levels of | Q;U leakage
and cross-pol estimated in this thesis for the HWP and the polaing
grids). Nonetheless, these corrections will be implemented inlilata
analysis pipeline; in particular, as a rst instance, we are plarng
to simply subtract the IP contribution from the measured padrized
signal. This technique has been successfully applied to othestru-
ments (e.g., SPARO; Novak et al. 2003, Renbarger et al. 2004, Li ét a
2006) and is regarded as a very promising approach for BLAST-Pal,
especially given the slightness of the IP e ects.

Finally, it is our intention to develop a Monte Carlo approach to
estimating the uncertainties on the [ Q; U] maps to account for the
several biases inherent to a direct error propagation method
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Fig. 6.1 Test maps generated from the timelines of BLAST06 obwations of VY
Canis Majoris (VY CMa). The top panel shows the intensity mapwhile the four
panels beneath show®; U test polarization maps produced by simulating g, = 50
Q and U input, obtained asd¥* = d(1+0:5 cos2) and di?* = d(1+0:5 sin2),
respectively. The maps are on the same color scale, whichhewn below thel map.
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Fig. 6.2 Preliminary BLAST-Pol intensity and polarization map at 500 m of the
\AxeHead" (Vela Molecular Ridge; Netter eld et al. 2009), appoximately centered
at coordinates [0900"4%; 44 25°10°. This map should not be considered of any
scienti c value as it is not calibrated in ux and the polarization angle may be
rotated by an o set; the map is only shown as a proof of concefr the map-maker.
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Fig. 6.3 Histograms for the \AxeHead", shown in Figure 6.2.
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Fig. 6.4 Preliminary BLAST-Pol intensity and polarization map at 500 m of the Ca-
rina Nebula, a GMC approximately centered at coordinates [182"35%; 59 42°15%.

This map should not be considered of any scienti ¢ value as i$ not calibrated in

ux and the polarization angle may be rotated by an o set; themap is only shown
as a proof of concept for the map-maker.
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Fig. 6.5 Histograms for the Carina Nebula, shown in Figure 6.4.
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Fig. 6.6 Preliminary BLAST-Pol intensity and polarization map at 500 m of G331,
a GMC approximately centered at coordinates [f82"10°%; 51 2751%. This map
should not be considered of any scienti ¢ value as it is not thrated in ux and the
polarization angle may be rotated by an o set; the map is onlghown as a proof of
concept for the map-maker.
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Fig. 6.7 Histograms for G331, shown in Figure 6.6.



7. CONCLUSIONS

The primary scienti ¢ motivation for this thesis is the study ofthe star-
formation processes in galaxies at cosmological distances amchblec-
ular clouds in our own Galaxy. We have discussed how fundamental
it is to conduct surveys of the sky at FIR and submm wavelength#,
order to achieve a more complete understanding of the fornam of
stars and the evolution of galaxies in the Universe. In particutawe
have introduced the reader to submm extragalactic and Galactias-
tronomy, referencing the leading theoretical models and ofrvational
ndings as well as pinpointing the questions and issues that arstill
being debated. We have outlined the role that BLAST and its polari
metric upgrade, BLAST-Pol, respectively, has played and will plajn
making signi cant headway on these fronts, through large-aa submm
surveys conducted from long-duration stratospheric balloonaiform.
In the rst part of this thesis, we have presented a multi-waelength
study of a subset of the hundreds of distant, highly dust-olsred, and
actively star-forming galaxies detected by BLAST in its survey othe
Extended Chandra Deep-Field South (ECDFS), using data spanran
the radio to the UV. We have developed a Monte Carlo method to
account for ux boosting, source blending, and correlatics» among
bands, which we have used to derive deboosted FIR luminosities f
our sample. We have shown how crucial the BLAST/SPIRE photom-
etry is to estimate the FIR luminosity of a galaxy without bias, esp-
cially at high redshift. We have estimated total (obscured plsi unob-
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scured) star-formation rates for the BLAST counterparts by ambining
their FIR and UV luminosities. We have shown that star formation $
heavily obscured alLggr & 10 L , z & 0:5, but the contribution from
unobscured starlight cannot be neglected dtgg . 10''L ,z. 0:25.
We have capitalized on the multi-wavelength data at our dispsal to
derive a broad morphological classi cation of our galaxiesheir AGN
fraction and stellar masses. We have assessed that about 20%hef
galaxies in our sample harbor a type-1 AGN, but their submillimeter
emission is mainly due to star formation in the host galaxy. We have
used the combined estimates of SFRs and stellar masses to deiae
that the bulk of the BLAST counterparts at z . 1 are normal star-
forming galaxies, typically spiral in shape, with intermediate sllar
massesKl» 7 10'°M ) and approximately constant SSFRs (sr
in the range 1{10Gyr). On the other hand, the highz tail of the
BLAST counterparts signi cantly overlaps with the SCUBA starburst
population, in terms of both SFRs and stellar masses, with obsed
trends of SSFRs that support strong evolution and downsizing.

In Part One of this thesis we have also presented a challenging
measurement of the star-formation level in massive(>  10'*M ),
high-redshift (1.7 < z < 2:9) galaxies selected in the optical with the
NICMOS camera onHST. Because the emission from each galaxy is
too faint to be individually detected in the MIR{to{submm maps at
our disposal, we have performed stacking analysis to unbidsemea-
sure their mean ux density. We have tted a modi ed blackbody
spectrum to the stacked ux densities and measured a mediam{
terquartile] star-formation rate of SFR = 63 [4881]M yr 1. When
the galaxies are divided into two groups, disk-like and spherolike,
according to their Srsic indices, we have found evidenceahmost
of the star formation is occurring in disk-like galaxies, with SFR =
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122 [100150]M yr 1; whereas the spheroid-like population seems to
be forming stars at SFR = 14 [920]M yr 1, if at all. We have also
shown that star formation is a plausible mechanism for size dution

in this population as a whole, but there is only marginal evidemcthat

it is the main driver for the expansion of the spheroid-like galags.

In the second part of this thesis, we have presented the BLAST-
Pol instrument, which is designed to probe the earliest stages sthr
formation by measuring the strength and morphology of magtie
elds in dust-enshrouded molecular clouds in our Galaxy. We have
described the important subsystems of the gondola, includirtbe op-
tics, cryogenic system, bolometric detectors, polarizatiesensitive ele-
ments, readout electronics, pointing sensors and controh particular,
we have focused on the primary pointing sensors for BLAST-Pol, tw
redundant daytime star cameras, detailing the principles ofpration,
design, and control software. The star cameras have been inagd
with the BLAST-Pol gondola and successfully deployed in the 2010
Antarctic campaign. We have also presented preliminary resultsf o
the post- ight pointing reconstruction, which suggest that theoverall
pointing performance will reach that of BLAST06 ( 3°°rms).

In Part Two of this thesis we have also presented the polarizatio
modulation scheme that has been successfully retro tted onLAST-
Pol. We have illustrated in full detail the theoretical framework prin-
ciples of operation and manufacturing process for the opdaccompo-
nents of the BLAST-Pol polarimeter, an achromatic cryogenic HWP
and photolithographed polarizing grids acting as analyzergas well
as their pre-ight performance. We have highlighted the techical
challenges of producing a broadband anti-re ection coatingt submm
wavelengths; the coating we have applied to the BLAST-Pol HWP
represents the rst successful application of a new-concept THuti-
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cial dielectric metamaterial. We have identi ed and measurd the
parameters that characterize the optical properties and eciency of
these polarizing elements. In particular, using a pFTS we hayeer-
formed a full spectral characterization, both at room and gogenic
temperatures, of the ve-plate sapphire BLAST-Pol HWP, which is,
to our knowledge, the most achromatic ever built at mm and submm
wavelengths. We have found that most of the non-idealities dhe
HWP assembly can be accounted for by quantifying one waveldéhg
dependent parameter, the position of the equivalent axes ofdl HWP,
possibly as a function of the spectral signature of a given agshomical
source. We have subsequently included this parameter in the BET-
Pol map-maker. We have measured the modulation e ciency ofhie
HWP to be above 98% in all three BLAST-Pol bands. We have mea-
sured the e ciency the BLAST-Pol analyzers to be at least 97%, ah
their cross polarization to be at most 0.07%. We have also proed
the nominal sensitivities for BLAST-Pol, and described the scamng
strategy adopted to optimally recover the Stoke€) and U in the sky.
We have developed and implemented a polarized map-maker, which
Is used to transform raw detector time streams into usable sky mpa
of Stokes parameterlf Q; U]. We have focused on the mathematical
formalism of map-making, and the algorithmic implementation of a
naive binning technique for the case of BLAST-Pol, in the assump-
tion of white and uncorrelated noise. As a proof of concept, weave
presented preliminary intensity and polarization maps for a sapte of
three targets observed by BLAST-Pol during its 9.5-day ight ove
Antarctica, completed in January 2011. In this rst science camgign,
BLAST-Pol has mapped ten star-forming regions with unprecedesd
combined mapping speed, sensitivity and resolution. Altholingthe
reduction of this dataset has not yet been nalized as of thishesis'
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submission date, the maps we have presented here result as¢héni-
nation of the whole data analysis process and demonstrate theeaall
success of the mission. These maps comprise an exciting ddatése
studying the role played by magnetic elds in star formation. The
author of this thesis will continue to be involved in the BLAST-Pol
data analysis and the subsequent scienti ¢ production.

7.1 Future Work

The analyses undertaken in Part One of this thesis with the BLAST06
dataset can naturally be extended and improved to include larger
datasets with deeper and higher resolution observations fnoHer-
schelSPIRE. In particular, the author of this thesis intends to cary-
out a follow-up multi-wavelength study of the signi cantly larger sam-
ple of sources detected in thélerschelAstrophysical Terahertz Large
Area Survey (H-ATLAS; Eales et al. 2010a). This will enable signi -
cantly reduced uncertainties and therefore much improved gstraints
on models of galaxy evolution and formation. Furthermore, wera to
further the stacking work with larger catalogs and better mapswhich
will enable more robust estimates of the SED, and will greatly inease
our understanding of star formation in high-redshift massi galaxies.
As previously noted, LM will endeavor to produce high-quality po
larization maps from the BLAST-Pol 2010 dataset, which will enabla
promising study of the role played by magnetic elds in star fanation.
In particular, we aim at a more comprehensive account of the ze-
lations in the noise, as well as a thorough assessment of the ight
performance and calibrations of the instrument. LM will appear sico-
author in all the BLAST-Pol scienti ¢ production, and will strive to
lead a paper on the polarization spectrum described in SectiorR 4.
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A. STACKING ANALYSIS

A.1 Introduction

Practically every map of the extragalactic sky ever producedtdate
at submillimeter (submm) wavelengths has a fundamental limitation
in angular resolution with respect to most optical, near- to ni-IR,
radio, and X-ray images. This simply arises as a consequence (o t
Rayleigh criterion at submm wavelengths, which dictates, fosingle-
dish telescopes, diameters of the order of tens of meters tcheeve
an angular resolution of a few arcseconds. In addition, olygations
from the ground are impaired by the atmosphere being opaqueesv
much of the wavelength range from 20m to 1 mm, with only the
850 m atmospheric window having routine transmission of over 50%.
Stratospheric and space observatories can only be equippethva dish
of limited size (2m for BLAST, 3.5 m forHersche), leading to angular
resolutions no better than a few tens of arcseconds. Extrdgetic
sources detected in these maps are often confused, blendegktber,
and in general di cult to isolate. Next generation instruments sich as
the ALMA interferometer or the Large Millimeter Telescope (LMT)
will ultimately be able to match the resolution of optical imagng,
albeit with limited mapping capabilities.

Although deriving the physical properties of individual galaxis at
submm wavelengths can be challenging (see Chapter 2 of this g3,
one can use submm maps to study the ensemble properties of @ypo
lation of sources detected at other wavelengths. Given a BLASTap
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and an external catalog, we can estimate the average brigless of
an externally-selected population of galaxies at the BLAST fopen-
cies by taking postage-stamps of the BLAST map, at the positns
of the external catalog, and stacking them together to form anique,
higher signal-to-noise image. This technique is often refedréo as
\stacking analysis". As we will show in the following sections, not
only does stacking naturally provide a way around the poor rekition
of submm maps, but also greatly enhances the signal-to-noisaio
of objects too faint to be individually detected; the combinabn of
these two virtues e ectively allows stacking to push ux densig mea-
surements beyond the confusion limit. Technical questions eft arise
about the generalization of this technique to very high souecdensity
or about the exclusion of bright sources: we review the mathetncal
formalism in Section A.2, and nd that many of these misconceptions
are avoided when one realizes that the technique is really one okta
ing the covariance of the map with the catalog. In Section A.3, we
formally show how aperture photometry can be safely performed
measure the stacked ux density. In Section A.4, we detail howot
estimate uncertainties on the measured stacked values thatciude
both instrumental and confusion noise. In Section A.5, we dedoe
the catalogs used and present some of the stacked images. Hnal
in Section A.6, we show how stacking analysis can provide additial
information on the e ective shape of the point-spread functio (PSF)
of BLAST, as well as being an e ective diagnostic tool for pointig
errors and astrometry registration.

For brevity, we choose not to report in this thesis all of the senti ¢
results of this analysis, except for those presented in Chapt8r In
particular, we omit here the ndings based on splitting up a catlog
in bins of, e.g., 24 m ux density or redshift, which are extensively
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described in Devlin et al. (2009), Pascale et al. (2009) and Marsden
et al. (2009).

A.2 Mathematical Formalism

Imagine we have a map of the sky wherbl; is the ux density in
each pixelj. Suppose also that we have one or several independent
catalogs of sources made from other experiments, potenlyaat dif-
ferent wavelengths; catalogCc hasN! sources in pixef , and we want

to measure the mean ux density,S , of the sources inC . Let us
denote the mean ofN! as , the average number of sources per pixel
in list C . If objects in the catalog produce ux densities that areS

on average, then, along with whatever else is in the sky, there will be
a contribution S’ = S NJ to each pixel.

If a sky containing this signal were observed with BLAST, the re-
sulting map would be the convolution o8l with the instrumental PSF,
and with a mean of zero (because BLAST is a relative photometer).
We can write the ux density in the map as

X :
Mj =n; + S N! ; (A.1)

wheren; is the contribution of detector noise in pixelj, and, strictly
speaking, theS form the complete set of all objects in the Universe.
The mean in the map is removed by subtractinG for each catalog
from every pixel. We additionally require thatn; has a mean of zero.
In order for stacking analysis to provide an unbiased estimatof
the average brightness of an externally-selected populati@f galax-
les at the BLAST wavelengths, we postulate that the sources in the
catalog are not spatially correlated (or \clustered", as ofterreferred
to in the literature), such that N/ is a random, Poisson-distributed
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numtﬁzrl. Furthermore, we gssume that no two lists are correlated, so
that NI N’ =0,8 6

We emphasize here that our goal is to determine the mean ux
density per source in a catalog, from knowledge of the submm map
M;, and the locations, N/, of the sources inC , but without any
other information. This problem can be approached by considag
our map and our external catalog distribution as shapes on theky;
the amplitude, S , of N/ that matchesM; can be quanti ed by writing
their covariance:

. 1 X
COV(MJ';NJ) = N MjN]
pix
IIJX X #
S . .
= N NI (A2)
I\lpix

where Npix is the total number of pixels in the map, and the terms
in NI N’ and N/ n; vanish in the sum. We notice that the term in
square parentheses in Equation (A.2) divided b\ is nothing else
but the de nition of variance for NI, and therefore equals for a

Poisson-distributed source list.

The net result is that the zero-lag cross-correlation (covariae)
of a catalog with the map divided by the mean number of sources
per pixel is an estimate of the average ux density per sourceAn
additional re-arrangement of Equation (A.2) makes this restiimore
useful. Notice that the sum runs over all pixels, with the weighof
each pixel proportional to the number of catalog sources fod in it,
and that zero weight is given to pixels that do not contain a soge
(N} =0). This can be written as a sum over all catalog entries with

1 We refer to Section 3.3 and Figure 3 of Marsden et al. (2009) foan exhaustive test of this
assumption. We also point out that the \catalog clustering” discussed here should not be confused
with the source clustering detected in the BLAST maps by Viem et al. (2009).
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unit weight:

N X | X
a _ CovMiiN)) 1 ni ML A3

Npix | .
where k is the index of sources in catalogc , My is the measured
ux density in the map pixel that contains the k™ catalog entry, and
n is the total number of catalog entriesn = Npx . This expres-
sion is the simple average ux density in the map over all positis

in the source catalog; as anticipated above, it can be used toope

the ensemble properties of sources much too crowded to be dé&d

individually, and also those with ux densities that are much fanter

than the typical thresholds of source catalogs derived onfyom the

map itself.

Perhaps counterintuitively, in the absence of clustering @le source
catalog, no additional correction is needed, even for casasnhich the
catalog has a very high source density (e.g., a few sources p@bmm
beam). One other assumption made is that the instrumental nas
is well-behaved, i.e.m; = 0i. Since the map pixel noises; are not
uniform across the map, we weight the mean in Equation (A.3) by &
inverse pixel variance to maximize the S/N ratio o5 . We will show
in Section A.4 how to estimate the uncertainty orS by repeating the
stacking for a set of random locations in the map, and by measng
the sample standard deviation of the resulting stacks. This pcedure
accounts for uncertainties caused both by instrumental ancbafusion
noise.

Equation (A.3) provides a robust estimate of the mean brightrss
per source even when there are other, possibly substantial ntib-
utors to the ux density present, C . This is provided that NI is
Poisson distributed, andN! is not correlated with either the detector
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noise or sources irfC . In other words, the e ect of other sources on
the estimator S is to provide an additional source of noise. This noise
may potentially be asymmetric, but it has a mean of zero, such tha
8 is unbiased. Similarly, a catalogC can be subdivided into disjoint
subsets, and the mean brightness due to each subset can be snezd
without bias. We use this fact to split up our catalogs based ord2 m
ux density or redshift (see Pascale et al. 2009).

We are now in a position to address the proper handling of sousce
that are bright enough to be easily recognized in the maps, foraxple
the sources in a BLAST 5 catalog. We have shown thatS , our esti-
mate of S , is not a ected by either the presence or the removal of ux
density from other source list<C that are uncorrelated withC . How-
ever, since the sum of confusion noise and detector noiSeN! + n;,
will cause sources near the threshold to be accidentally inclutler ex-
cluded from the BLAST catalog, any list made from the BLAST maps
themselves will be arti cially correlated with all the terms in Equa-
tion (A.1). Furthermore, since the BLAST-generated bright sorce
catalog depends on the sum of the other terms in Equation (A.1)xe
cision of the ux density from such a catalog will arti cially correlate
the remaining terms, such asN! ) and n;. This introduces a bias
in our estimator S that is di cult to quantify. Therefore, stacking is
performed on the full BLAST maps, including any bright sourcethey
contain.

A.3 Aperture Photometry Method

In the previous section, we have outlined the mathematical fimalism
behind stacking analysis, starting from a catalog of sourcasd a map
of the sky in units of ux density (Jy). Such a map is presumably he
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result of the cross-correlation (convolution) of the raw map wh the
instrumental PSF: this operation is optimal for the case of arsolated
point source in a eld of statistically uncorrelated noise, andiges the
maximume-likelihood ux density of a point-source tto every postion
in the map (see, e.g., Stetson 1987). Alternatively, the ux derty
of a stack of postage-stamps, centered at the catalog posits and
extracted from a raw submm map (with units of MJy/sr or Jy/pixel),
can be measured via aperture photometry.

Let Mj be our submm map andc; a list of positions from the
catalogC . In the previous section, we have shown that the total ux,
F,in Mj associated withC can be written as

X X
F =

G Mi+j+ ; (A.4)
ij
where the indices | ] indicate the sum over a circular aperture of
some radius (i.e., aperture photometry), whilej[j ] run over the map's
pixels.
If the sources fromC have a mean uxS in our map, then M;
can be expressed as a PSF-convolution of tieg, as follows:

X
Mj = S Cw Bi kij w; (A.5)

kw
whereBy,, IS our best-estimate, pixelated instrumental PSF (or beam).
Consequently, Equation (A.4) becomes

X X X
F = S Clj CkWBH' k;j+ W: (A6)

ij kw
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The mean ux, hFi, is then

| X X X
tFi =S Gi Gw Bi+ kij+ w
X X
= S Gj Gw Bir wkij+ wt
o g
+ S Cij Cew Bi+ K;j+ W (A-7)
ij = kw

which can be rearranged as

_ X X
hHFi = S Gj Gw Bi+ kj+ wt
5 g
+ S GG B : (A.8)

ij = kw

In the assumption of no clustering, we have

- = - i = 2; |J 6 kw;
CIj CkW CI] I’-CkW 9 _ —— . (Ag)
GG = Var g + ¢ = = + % 0] = kw;
where = ¢ Is the expected value of the Poisson-distributed
stochastic variablec; . Therefore Equation (A.8) becomes
X X
Fi = S 2 Bi+ kj+ wt
ij6k\§/( X
+ S + 2 B
X X X ij =kw
= S ? Bi+ kj+ wt
x X

+ S B : (A.10)
i
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Because the beam integrates to unity, we obtain

hFi

S ZNpxA+S  NpxAc

whereA is the area size of the aperture (in pixel) and. the aperture
correction (dimensionless number).

We can now account for the fact that BLAST maps have zero mean,
by modifying Equation (A.4), which becomes

! #
X X 1 X
H:I = CIJ Mi+ o+ N~ M (A12)
i pix
Equation (A.5) changes as follows:
1 X
Mij N~ M = (A.13)
pix
X 1 X X
= S Ckw Bi Kij w S N GwB Kk w
*W piX kw
= S Cow Bi i w S ;
kw

where the last equality holds, again, because the beam integrates t
unity. Inserting Equation (A.13) into Equation (A.12), we easily ob
tain the equivalent of Equation (A.11), which now nally reads

Equation (A.14), analogous and equally simple to Equation (A.3),
gives the expression for the average ux density at submm wdeagths
of an externally-selected population of sources as a functiof the
total stacked ux retrieved (and appropriately corrected) va aperture
photometry.
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Finally, there are a few important technicalities worth mentioing
here about aperture photometry applied to our case. First, weed
liberately set the value of the sky background to zero, since weae
ensured that the region where the stacking is performed has aenean.
Second, the aperture radii chosen at the di erent channels arthose
maximizing the signal-to-noisé ratio, as computed by performing the
stacking on BLAST noise maps, in a totally analogous way to the pr
viously discussed signal maps. For BLAST, these turn out to bed3
30, and 48%t 250, 350, and 500m, respectively. Third, the aper-
ture corrections are evaluated by performing aperture photoetry on
the PSFs themselves, with the same aperture radii as above. Ther
sulting values are, 1.985, 1.906 and 1.966 at 250, 350, and 5®0
respectively.

A.4 Uncertainties

In order to estimate the uncertainty of Equation (A.3) (and A.14)
algebraically for a catalogC , one would need to know the scatter
produced by the catalog of all sources not i€ that contribute to
the background (in addition to sources of instrumental noigen the
submm maps. In practice, such a catalog is not known, so we estab-
lish the uncertainties and possible biases of our measurengenia a
Monte Carlo technique, by generating random catalogs and sking
them on the submm maps under analysis. Namely, we stabk (the
actual number of sources in the catalog or sub-catalog undanaysis)
postage-stamps centered at random positions within the reg of sky
under consideration; we then measure the mean ux density ofich

2 Note that here\noise"is just estimated by co-adding the BLAST variance map, which is not the
most appropriate estimate of the noise associated with the masured average ux density, because
it does not account for the confusion noise in the map (see Staon A.4)
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a stack using one of the two methods outlined in Sections A.2 and
A.3. By repeating this procedure MC times (MC=10 in our case), we
can build a histogram of mock stacking measurements (see Figu2
of Marsden et al. 2009). If such a histogram is Gaussian in shape,
one is allowed to use the standard deviation of the distribution, , as
the uncertainty associated with the measurement of ux denty for
the stack of real sources. Furthermore, if the histogram is cemed
on zero with high precision, these simulations also represeatvery
signi cant null test necessary to consolidate stacking angdis as an
unbiased estimate of the average brightness of an exteriyadlelected
population of galaxies at submm wavelengths. Naturally, if a catog

Is subdivided by ux or redshift bins into Ny, disjoint subsets, the
whole procedure must be repeatel;, times. This is obviously quite
computationally expensive.

We nd, as expected, that the uncertainties are Gaussian-sliributed
and scale as the map rms (including confusion noise) dividedg the
square root of the number of catalog entriesN . In practice, the
whole process described above can be shortened, providedt ttiee
gaussianity of the histogram of random stacks has been vesd at
least once for every map under analysis. In fact, since the widtf
the above distribution scales as the map rms divided by the squa
root of the number of sources in the catalog, one can just prock a
histogram of ux densities measured at MC random positions wiin
the sky patch considered, with no stacking involved (shown in Fig-
ure A.1). If the resulting histogram is Gaussian and centered arero,
the uncertainty associated with the measured average ux dsity will
be just the standard deviation of such distribution timesp N .
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Fig. A.1 Quanti cation of errors in the stacking measuremerd from BLAST maps.
We produce histograms of 10 ux density measurements at random positions within
the survey area in consideration (see Figure A.2). The scala the y-axis is the
number of random apertures per 200Jy ux density bin. Clearly the histograms
are very well described by Gaussians centered on zero. As dethin the text, we
can use the of each distribution, times the square root of the number ofosirces
in the catalog under study, as the error in the stacked valudn addition, this gure
shows a successful null test achieved with all three BLAST map

A.5 Catalogs

Here we brie y describe the ve catalogs considered for staiclg pur-
poses.

1. SWIRE: 24 m-selected catalog from theSpitzer Wide-Area In-
frared Extragalactic Survey (Lonsdale et al. 2004). The survey
area is' 8.5ded, counting 21545 sources, with a minimum ux
of 200 Jy.

2. FIDEL: 24 m-selected catalog from th&pitzer Far-Infrared Deep
Extragalactic Legacy survey (Magnelli et al. 2009). The survey
area is' 0.206 deg, counting 9110 sources, with a minimum  ux
of 13 Jy and a 80% completeness limit at 83Jy.
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3. ATLAS: 1.4 GHz-selected radio catalog from the Australia Tele-
scope Large Area Survey (Norris et al. 2006). The survey area
is ' 3.45ded, counting 726 sources, with a minimum ux of
150 Jy.

4. VLA: 1.4 GHz-selected radio catalog from the Very Large Ar-
ray (VLA) survey of the Extended Chandra Deep-Field South
(ECDFS Miller et al. 2008). The survey area is 0.323deg,
counting 514 sources, with a minimum ux of 54 Jy. This cata-
log, as published, has a relatively conservative cut at 7 There-
fore we extract our own catalog from the VLA map, using our
own source nder (Devlin et al. 2009). This is a 3 catalog, how
counting 10474 sources, with a minimum ux of 20Jy.

5. CHANDRA: X-ray-selected catalog from the 2Ms Chandra Deep-
Field South (Luo et al. 2008; CDFS) survey. The survey area is
' 0.121ded, counting 462 X-ray sources in the two bands 0.5{2.0
and 2{8 keV.

All the sources in the listed catalogs lie within the area of the
BLAST survey, as shown by a combination of Figure A.2 and Fig-
ure 2.1.

Figure A.3 shows an example of the quality of the stacked images
for the FIDEL catalog.

A.6 Post- ight Pointing Veri cation

Stacking embodies a powerful diagnostic tool for pointing ers and
astrometry registration, as brie y discussed in Marsden etla(2008).
In fact, we can we perform a stacking analysis on the BLAST extra
galactic maps to check the absolute pointing performance and give
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Fig. A.2 Distribution of the sources for the catalogs taken o account. They cover
a noteworthy fraction of the BLAST Deep region.

an estimate of potential random pointing errors. We use sows de-
tected in the deep radio VLA survey (see Section A.5), because bkt
sub-arcsecond accuracy achieved by radio interferometry.é\hd that
the peak in the stacked map is located within ®from the nominal po-
sition of the catalog, indicating that the absolute pointing &curacy is
at least 15 times smaller than the BLAST beam size (see Figure A.4).
Moreover, assuming random Gaussian pointing errors, we supgpose
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Fig. A.3 Example of stacked images obtained by co-adding®.010° postage-stamps
of the BLAST maps (eft 250 m; center 350 m; right 500 m), centered at the
positions of the FIDEL catalog. Top row: ux images in Jy. Bottom row: signal-
to-nois€ ratio images (dimensionless).

the synthetic scaled PSF to the stacked map and convolve it with a
Gaussian pro le, modeling the broadening of the PSF due to a po
tential pointing jitter. By varying the jitter width, we compu te the

2 of the convolved PSF over the stacked data; this analysis yialén
estimated upper limit for potential random pointing errors of 8°
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Fig. A.4 A cut through the stacked BLAST 250 m ux at the positions of VLA

1.4 GHz radio sources (Miller et al. 2008; dashed line) and thugh the 250 m PSF
(solid line). We see that the stack is very well described byé PSF, in both position
and width. We conclude that our absolute pointing is good te 2°°and that random
pointing errors are< 3°rms.



B. POSTAGE STAMPS OF BLAST COUNTERPARTS

The broad morphological classi cation of the BLAST IDs presermd

in this work is based upon visual inspection of UV, optical, and MIR
postage-stamp images (see Sections 2.2.5 and 2.7). A selectiof 022
cutouts is shown in Figure B1. The complete set of full-color cutost
can be found at:

http://blastexperiment.info/results _images/moncelsi/.
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Fig. B1 Postage-stamp images for a selection of low redshBLAST IDs. The
images are all 2 2° in size. Every row shows a BLAST source, imaged
at three dierent bands: left, GALEX NUV Iter (centered at 2315A); cen-
ter, RGB combination of the U gr lters from the SWIRE optical survey; right,
3.6 m IRAC band. The complete set of full-color cut-outs can be tmd at
http://blastexperiment.info/results _images/moncelsi/
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Fig. B1 continued.
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Fig. B1 continued.
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Fig. B1 continued.
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Fig. B1 continued.



C. CATALOGS OF BLAST COUNTERPARTS

We present here the catalogs of the primary counterparts to 5
BLAST sources. Table C1 contains the redshifts, the spectrahfor-

mation and the morphology while Table C2 lists the UV and FIR
properties.



Table C1. Primary counterpartsto 5 BLAST sources: redshift, spectral, and
morphological information

ID BLAST Name BLAST BLAST Deep z Flag spec-z Provenance H EW, [N n]/H AGN ag Q ag Morphology
1 BLAST J032921 280803 52.33792 28.13348 0 0.03791 1 AAO 114 1.0 0.64 AGN? S
2 BLAST J032956 284631 52.48567  28.77572 0 0.037 1 AAO 46 5.2 0.56 IS
3 BLAST J032741 282325 51.921225 28.38895 0  0.06067 1 AAO 158 3.0 0.74 AGN S
4 BLAST J033235 275530 53.146165 27.92571 1 0.03764 1 AAO 71 20 0.60 S
5 BLAST J033131 272842 52.880575 27.479735 1  0.06668 1 AAO 134 09 1.33 AGN S
6 BLAST J033229 274415 53.12448 27.740165 1  0.07593 1 AAO 384 1.6 0.43 S
7 BLAST J033250 273420 53.20818  27.57581 1 0.25126 1 AAO 31.3 36 0.44 IS?
8 BLAST J033548 274920 53.954945 27.821905 0  0.16752 1 AAO 131 33 1.18 AGN
9 BLAST J032916 273919 52.31905  27.65615 0 0.01474 1 AAO 829 16 0.26 S

10 BLAST J032850 263654 52.20959 26.61418 0 0.0431 1 NED?

11 BLAST J033424 274527 53.60242 27.75861 1 0.12451 1 AAO 135 35 0.45 S

12 BLAST J032907 284121 52.28185 28.6882 0  0.06694 1 AAO 76 3.0 0.58 S

13 BLAST J032950 285058 52.456265 28.849455 0  0.07611 1 AAO 94 46 0.57 S

15 BLAST J033341 280742 53.423975 28.127015 1  0.34925 1 AAO 1?

16 BLAST J033059 280955 52.748 28.166875 1  0.07762 1 AAO 358 14 0.38 S

17 BLAST J033249 275838 53.20553 27.97915 1 1.256 0 EAZY Q C

18 BLAST J033123 275707 52.847915 27.949675 1 .. Q Cc

19 BLAST J033417 273927 53.57377 27.65889 1 0.14583 1 AAO 19.7 24 0.53

20 BLAST J033340 273811 53.422255 27.63582 1 0.10148 1 AAO 81 25 1.02 AGN

21 BLAST J033152 281235 52.96558 28.20779 1 0.18089 1 AAO 6.9 4.2 0.75 AGN S

22 BLAST J033152 273929 52.967105 27.6574 1 196 0 EAZY AGN (NED) Q Cc

23 BLAST J033258 274324 53.24671 27.72366 1 091 0 EAZY c

24 BLAST J033129 275720 52.87454 27.956275 1 .. Q7 c

26 BLAST J033246 275743 53.191665 27.962605 1  0.10378 1 AAO 173 33 0.37 S

27 BLAST J032956 281843 52.48787  28.31118 0  0.05952 1 AAO 236 25 041 S

28 BLAST J033317 280901 53.32528 28.15234 1 .. Q7 Cc

29 BLAST J032822 283205 52.09467 28.53271 0 0.07023 1 AAO 156 2.6 0.43 S?

30 BLAST J033111 275820 52.79799 27.97185 1
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Table C1 (continued)

ID BLAST Name BLAST BLAST Deep z Flag spec-z Provenance H EW, [N u]J/H AGN ag Q ag Morphology
31 BLAST J033414 274217 53.56036  27.706065 1  0.1027 1 AAO 26.8 20 0.43

32 BLAST J033332 272900 53.38416  27.48815 1 0.14466 1 AAO 316 20 0.49

34 BLAST J033149 274335 52.95715  27.724 1 0.62046 1 AAO
35 BLAST J033217 275905 53.071035 27.97958 1 1991 0 EAZY C
36 BLAST J033317 274606 53.324045 27.768385 1  2.303 0 EAZY C
37 BLAST J032842 264107 52.17858  26.6829 0o .
38 BLAST J033216 280350 53.066375 28.06329 1 051928 1 AAO E?
39 BLAST J033106 274508 52.77753  27.75455 1 .
40 BLAST J032821 292636 52.08769  29.44216 0 0.0897 1 AAO S
41 BLAST J033430 271915 53.62789  27.320845 0  0.10332 1 AAO 217 21 0.49
42 BLAST J033145 274635 52.939065 27.777815 1 .. C
43 BLAST J033308 274809 53.29047  27.800445 1  0.18081 1 AAO 334 46 0.32 S
44 BLAST J033131 273235 52.88022  27.544245 1 .. Q? C
45 BLAST J033150 281126 52.96289  28.18947 1 021316 1 AAO 73 46 0.56 S
46 BLAST J033110 265744 52.7943 26.96136 0 S
47 BLAST J033111 275605 52.79519  27.93269 1 C?2/s?
48 BLAST J033054 275457 52.73177 27.9168 1
49 BLAST J033032 273527 52.63694  27.595065 1  0.10671 1 AAO 204 28 0.43 S
50 BLAST J032904 284759 52.268575 28.797885 0  0.2892 1 AAO AGN (NED) IS?/S?
51 BLAST J033046 275515 52.69288  27.921775 1  0.52449 1 AAO Q C
52 BLAST J033214 281133 53.06131  28.19199 1 0528 0 RR C
53 BLAST J033419 265319 53.5817 26.88803 0o . S
54 BLAST J033151 274428 52.96448  27.74109 1 1016 0 EAZY C
55 BLAST J033129 275557 52.87458  27.93354 1 0678 1 AAO BC
56 BLAST J033034 274325 52.6438 27.72466 1
57 BLAST J033432 275140 53.63655  27.86255 1 IS?
58 BLAST J033110 280011 52.79956  27.99783 1

60 BLAST J033421 275033 53.59264  27.8454 1
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Table C1 (continued)

ID BLAST Name BLAST BLAST Deep z Flag spec-z Provenance H EW [N u]/H AGN ag Q ag Morphology
61 BLAST J033148 280424 52.952355 28.076205 1 ..
62 BLAST J033119 275822 52.83376  27.97194 1 0898 0 COMBO17 BC
63 BLAST J033316 275045 53.318815 27.844285 1  0.0874 1 AAO 149 31 0.51 S
64 BLAST J033240 280310 53.16542  28.05305 1 .
65 BLAST J033018 275500 52.57593  27.91682 1 0.07946 1 AAO 99 23 0.42 S
66 BLAST J033205 274648 53.020375 27.779815 1  2.019 0 EAZY Q? C
68 BLAST J033146 275732 52.944085 27.9597 1 03645 1 AAO S
69 BLAST J033153 281036 52.97797  28.1766 1 021472 1 AAO 346 3.9 0.40 S
70 BLAST J033111 284835 52.79579  28.80925 0 0.10895 1 AAO 15 25 1.60 AGN S
71 BLAST J033140 272937 5291928  27.493975 1  0.06728 1 AAO 55 1.9 0.60 AGN (broad H ) S
72 BLAST J033120 273344 52.834745 27.56287 1 0.19504 1 AAO 151 48 0.50 S
73 BLAST J033158 273519 52.99226  27.58947 1 2.034 0 EAZY Q C
75 BLAST J033115 273905 52.810675 27.651895 1  0.31183 1 AAO 76 43 0.44 E
76 BLAST J033328 273949 53.37102  27.66589 1 0808 0 EAZY
77 BLAST J033218 273138 53.07989  27.52747 1 0.22716 1 AAO 164 38 0.41 S?
78 BLAST J033401 274759 53.50673  27.79859 1
80 BLAST J033156 284241 52.99144  28.70857 o .. AGN (NED) Q? C
83 BLAST J033633 284223 54.14349  28.70855 0 0.19754 1 AAO 26.1 3.9 0.41 . S
84 BLAST J033318 281436 53.329275 28.242505 1  0.10287 1 AAO 126 2.7 0.48 S
85 BLAST J033153 274950 52.97289  27.83057 1 0.8409 1 AAO c?
86 BLAST J033447 283013 53.700025 28502715 0  0.04139 1 AAO 280 21 0.47 S
87 BLAST J032746 265801 51.94289  26.96452 0  0.043304 1 NED? S?
88 BLAST J033636 284115 54.15564  28.6873 0 0.06828 1 AAO 36.3 24 0.43 S
90 BLAST J032818 274311 52.07546  27.719205 0  0.24845 1 AAO 48 9.0 1.38 AGN S?
92 BLAST J033241 280557 53.1742 28.09777 1 0.29663 1 AAO 255 16.1 0.45 S
93 BLAST J033408 273514 53.5334 27.59049 1 .

94 BLAST J033351 274357 53.46998  27.72938 1 0.2249 1 AAO 147 32
95 BLAST J033343 270918 53.4297 27.15331 0 0.0685 1 AAO 40 25 0.65 AGN? S
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Table C1 (continued)

ID BLAST Name BLAST BLAST Deep z Flag spec-z Provenance H EW [N u]/H AGN ag Q ag Morphology
96 BLAST J033336 272854 53.40486  27.48539 1 0.14489 1 AAO 149 94 0.49 S
97 BLAST J033317 280220 53.317655 28.03985 1 0.34897 1 AAO S?
98 BLAST J033214 273053 53.0595 27.51728 1
99 BLAST J033247 270716 53.19616  27.11917 0o ..
100 BLAST J033203 281015 53.01636  28.17114 1 1432 0 RR Q C
101 BLAST J033127 281009 52.86677  28.16924 1 . Q? Cc
102 BLAST J033124 275207 52.85381  27.868845 1  1.182 0 RR AGN (NED) Q C
103 BLAST J032707 270516 51.78465  27.09038 0o ..
106 BLAST J032704 280713 51.76851  28.12049 0 0.089978 1 NED? S
109 BLAST J033408 275415 53.53403  27.90217 1 . S
110 BLAST J033217 275054 53.074425 27.849725 1  0.12275 1 AAO 79 65 0.55 S
112 BLAST J033241 273818 53.17499  27.63874 1 0832 0 COMBO17
113 BLAST J033347 273848 53.4544 27.64381 1 AGN (NED) .
115 BLAST J033128 280508 52.86134  28.08199 1 S
118 BLAST J033238 273151 53.158495 27.53339 1
119 BLAST J033606 272311 54.0313 27.38652 0 Q
120 BLAST J032703 282950 51.76878  28.49448 0o ..
122 BLAST J033025 275014 52.60716  27.83824 1 012152 1 AAO 354 27 0.35 S
123 BLAST J033112 265716 52.8017 26.95459 0o ..
125 BLAST J033229 273505 53.12247  27.58556 1 052 0 EAZY C
126 BLAST J033211 283251 53.05272  28.54705 0 0.69385 1 AAO S?
127 BLAST J033224 291707 53.10425  29.28513 0 0132 0 RR IS
128 BLAST J033100 275310 52.75566  27.8887 1 0.959 0 RR RC
129 BLAST J033225 284148 53.11398  28.6995 0 0.17159 1 AAO 30.7 37 0.47 S
130 BLAST J033505 274027 53.76858  27.6737 0 0472 0 RR c
131 BLAST J033200 273604 53.00352  27.59926 1 0.767 0 EAZY AGN (NED) Q2 C
132 BLAST J033225 273818 53.104395 27.63964 1 0772 0 EAZY RC
134 BLAST J032813 270453 52.05436  27.08062 0 0.037356 1 NED S

suediauno) 1Sv1g Jo sbojered O

99¢



Table C1 (continued)

ID BLAST Name BLAST BLAST Deep z Flag spec-z Provenance H EW; [N n]J/H AGN ag Q ag Morphology
135 BLAST J033134 282344 52.89175  28.40077 0 0.27897 1 AAO 68.1 4.6 0.38 S
136 BLAST J033228 273547 53.118995 27.59364 1 041 0 EAZY AGN (NED) Q2 E?
137 BLAST J032822 280809 52.08978  28.136615 0  0.21831 1 AAO 504 3.7 0.44 S
138 BLAST J033348 275015 53.45399  27.83728 1 .

139 BLAST J033626 270939 54.10876  27.15997 0 0.24401 1 AAO 476 52 0.66 AGN?

140 BLAST J032644 285106 51.69027  28.84995 0o ..
143 BLAST J033148 280958 52.950265 28.169025 1  0.3809 1 AAO E?
145 BLAST J033211 275859 53.04655  27.98295 1 0.165 0 EAZY S
146 BLAST J033000 275347 5250169  27.89651 1 0143 0 RR S
147 BLAST J033110 274302 52.79279  27.71546 1

148 BLAST J033104 275001 52.76799  27.83581 1 .
149 BLAST J033612 281046 54.05851  28.18294 0 0.1967 1 AAO 141 81 0.81 AGN S?
152 BLAST J033648 271936 54.20443  27.3274 0 0.1458 1 AAO 42 108 1.09 AGN S?
153 BLAST J033116 263428 52.81561  26.57759 0o ..
154 BLAST J033541 285524 53.9221 28.92295 0 0.12255 1 AAO 205 53 0.46 S
155 BLAST J032929 284222 5237317  28.705265 0  0.07029 1 AAO 238 25 0.38 S
157 BLAST J033609 280942 54.03839  28.16214 0 0.31589 1 AAO 21.0 65 0.62 AGN? S
158 BLAST J033307 281412 53.280815 28.2363 1 0.038 0 RR S
160 BLAST J032843 274414 52.18251  27.73569 o .. S?
162 BLAST J033154 274406 52.979145 27.73628 1 0.7584 1 AAO BC?
163 BLAST J033114 273412 52.80916  27.570105 1  0.53355 1 AAO IS?
165 BLAST J033605 293357 54.02465  29.5702 0 0.45211 0 RR S
166 BLAST J033053 293431 52.72938  29.57429 0  0.200653 1 AAO E?
167 BLAST J033247 274221 53.199495 27.709135 1  0.98054 1 AAO AGN (NED) Q C
168 BLAST J033110 275303 52.79792  27.88302 1 0.2652 1 AAO S
169 BLAST J033235 280626 53.14828  28.10735 1 1547 0 RR C
170 BLAST J033039 275805 52.66032  27.96378 1 0337 0 RR

173 BLAST J033132 281257 52.88347  28.21739 1
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Table C1 (continued)

ID BLAST Name BLAST BLAST Deep z Flag spec-z Provenance H EW, [Nu]J/H AGN ag Q ag Morphology
174 BLAST J033229 273948 53.12323 27.66337 1

175 BLAST J033619 272415 54.08544 27.40627 0

178 BLAST J033600 265102 54.00227 26.8485 0

179 BLAST J033259 273536 53.24711 27.59284 1 0.892 0 EAZY

180 BLAST J033304 271943 53.27217 27.33042 0
183 BLAST J033245 281104 53.18489 28.18372 1 0.30017 0 RR S
184 BLAST J033350 273520 53.459 27.58877 1

185 BLAST J033424 274514 53.60793 27.75361 1
188 BLAST J033111 275546 52.795145 27.93146 1 0.28145 1 AAO 40.7 4.8 0.39 S
196 BLAST J033211 280514 53.05099 28.087925 1

197 BLAST J033335 273244 53.39648 27.54589 1
198 BLAST J033215 273930 53.06753 27.65851 1 1.32358 1 AAO Quasar Q C
200 BLAST J033440 275630 53.67054 27.94207 1 0.127 0 RR S?
202 BLAST J032742 281911 51.9274 28.3152 0
203 BLAST J033529 281053 53.875965 28.18574 0 AGN (NED) Q2 C
204 BLAST J033336 274359 53.401885 27.731985 1 1.461 0 EAZY AGN (NED) Q C
205 BLAST J032713 285101 51.80349 28.85086 0
207 BLAST J033353 275555 53.47468 27.930105 1 1.93998 1 AAO Quasar Q C
208 BLAST J033015 273940 52.56557 27.66277 1

210 BLAST J033335 274827 53.39681 27.805595 1 1.165 0 COMBO17
212 BLAST J033127 281027 52.86584 28.17471 1 0.986 0 RR S?
213 BLAST J033402 273916 53.51502 27.656585 1

218 BLAST J033141 275530 52.924145 27.927055 1 1.111 0 EAZY

219 BLAST J033150 270007 52.95915 27.00111 0

220 BLAST J033440 274905 53.6662 27.81678 1
221 BLAST J033211 273729 53.048555 27.62394 1 1.56472 1 AAO Quasar Q C
222 BLAST J032753 284023 51.9713 28.67426 0 1.128 0 RR RC?
223 BLAST J033423 274409 53.59818 27.74068 1
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Table C1 (continued)

ID BLAST Name BLAST BLAST Deep z Flag spec-z Provenance H EWy [Nu]J/H AGN ag Q ag Morphology
225 BLAST J033123 275233 52.84398  27.88026 1 .
226 BLAST J033723 274021 54.34546  27.67242 0 1.80174 1 AAO Quasar Q C
231 BLAST J033409 275213 53.541355 27.870135 1

232 BLAST J033213 272619 53.05288  27.43903 1

235 BLAST J033302 275635 53.26098  27.94549 1

236 BLAST J033336 275328 53.39511  27.88722 1 .

238 BLAST J032813 285930 52.06044  28.98913 0 0439 0 RR
239 BLAST J033120 274933 52.83408  27.82483 1 0842 0 COMBO17 BC?
240 BLAST J033306 274415 53.27565  27.73757 1 0879 0 EAZY
245 BLAST J032752 290904 51.96693  29.1531 0 0337 0 RR E
246 BLAST J033053 275704 52.72465  27.95224 1
248 BLAST J033346 271431 53.44989  27.24417 o .. S?
250 BLAST J033138 274122 52.91475  27.68874 1 2212 0 EAZY Q C
252 BLAST J033545 290948 53.9439 29.16091 0 0.28233 0 RR
253 BLAST J032726 291936 51.86079  29.32844 0 Q C
254 BLAST J033141 273107 52.91843  27.51704 1 .
255 BLAST J033122 275130 52.840975 27.856485 1  1.337 0 COMBO17 Q C
257 BLAST J032550 284919 51.46241  28.82178 0o .
259 BLAST J033105 280634 52.77208  28.10434 1 0.16701 1 AAO 375 38 0.54 S
261 BLAST J033306 272831 53.27457  27.47684 1 Q? C
262 BLAST J033242 275511 53.179985 27.920665 1 Q C
264 BLAST J033306 271435 53.27784  27.24149 o .
265 BLAST J033127 274430 52.86584  27.74164 1 0216 1 NED® C?
266 BLAST J033342 275117 53.43335  27.85256 1

270 BLAST J033251 273417 53.21302  27.56991 1 .
274 BLAST J033053 275513 52.71999  27.91641 1 0.89505 1 AAO E
275 BLAST J033149 280936 52.95832  28.16156 1 1455 0 RR Q C
277 BLAST J033254 273308 53.2304 27.55273 1
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Table C1 (continued)

ID BLAST Name BLAST BLAST Deep z Flag spec-z Provenance H EWy [Nu]J/H AGN ag Q ag Morphology
280 BLAST J033351 273306 53.46829  27.55235 1

288 BLAST J033507 275242 53.78062  27.88157 0o .
289 BLAST J033102 273948 52.75508  27.66077 1 0.24165 0 RR BC?
294 BLAST J033324 273432 53.354965 27.57337 1 0504 0 COMBO17

302 BLAST J033552 275511 53.97283  27.91971 0 1884 0 RR
303 BLAST J033121 275803 52.84267  27.965485 1  0.52975 1 AAO E
304 BLAST J033231 280437 53.1321 28.07667 1

307 BLAST J033210 270531 53.04573  27.09132 0

309 BLAST J033113 273016 52.80434  27.50111 1 .
311 BLAST J033017 283020 52.57364  28.50466 0 2565 0 RR c?
318 BLAST J033210 280711 53.04041  28.12135 1 09805 1 AAO

319 BLAST J033036 273717 52.64954  27.62388 1
320 BLAST J032656 291615 51.74249  29.27044 o . C
322 BLAST J033321 280333 53.34598  28.05703 1 11365 0 EAZY
323 BLAST J033557 283540 53.98524  28.59187 0 04388 0 RR IS?
329 BLAST J033332 281348 53.39012  28.23444 1 137631 1 AAO Quasar C
332 BLAST J033038 274738 52.66361  27.79376 1 .. C
333 BLAST J033649 275932 54.20814  27.99234 0 0.698 0 RR
335 BLAST J033611 290528 54.05066  29.08868 0 0.42561 0 RR S
339 BLAST J033018 285124 52.57649  28.85588 0 047231 0 RR S
341 BLAST J033445 275038 53.69046  27.84443 1

342 BLAST J032745 292408 51.9383 29.39774 0

343 BLAST J033430 273704 53.62629  27.61929 1

344 BLAST J033239 280553 53.16118  28.09707 1

346 BLAST J032702 281055 51.7626 28.18012 0o .

355 BLAST J033117 272006 52.8241 27.33796 0 0.1064 1 AAO 151 5.0 0.37

359 BLAST J033545 272937 53.94254  27.49272 0o .
360 BLAST J032735 285902 51.89937  28.98942 0 0432 0 RR C
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Table C1 (continued)

ID BLAST Name BLAST BLAST Deep z Flag spec-z Provenance H EW, [N n]/H AGN ag Q ag Morphology
368 BLAST J032957 290321 52.48499 29.05382 0 0.07037 1 AAO S
369 BLAST J033359 293715 53.49599 29.62169 0 S

376 BLAST J033031 264922 52.63121 26.82185 O

Note. | Reading from the left, the columns are: the BLAST identi catio n number; the full IAU name of the BLAST source; the position of the
counterpart (the arithmetic mean between the two sets of coordinates if b oth the radio and 24 m counterparts are present); ag indicating whether the
source is located within BGS-Deep; the redshift; ag indicating whether t  he redshift is spectroscopic or photometric; the provenance of the redshi ft (see
Section 2.2.6 for details); the H  rest-frame equivalent width (EW ) from AAOmega spectra, in A, with uncertainty; the ratio of the ux in the [N 1] 658.3
line to the ux in the H line, from AAOmega spectra; column assessing the presence of an AGN in the host galaxy, based on line ratios [N nJ/H > 0.6,
Kau mann et al. 2003, Miller et al. 2003), or of a quasar, based solely o n the broadness of the lines (we also indicate with\NED" objects ag  ged as AGN in
NED); column assessing whether the objects is a quasar (Q), based solely on opt ical and mid-IR (IRAC) colors (see Section 2.6 for details); morphol ogical
classi cation: S=spiral, IS = interacting system, E = elliptical, C = compa ct, RC = red compact, BC = blue compact (see Section 2.7 for details).

aColless et al. (2003)
bRatcli e et al. (1998)
¢Ravikumar et al. (2007)
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Table C2. Primary counterpartsto 5 BLAST sources: UV and FIR properties

ID GALEX Name GALEX GALEX FUV NUV E( B V) SFR FUV SFRNU\/ LrR M~

1 GALEX J032920.6 280800 52.336213 28.133591 17.23 0.12 16.795 0.067 0.0071 201 022 325 02 4.941

2 GALEX J032956.4 284633 52.485265 28.775954 17.78 0.12 17.051 0.067 001456 1.22 0.14 259 0.16 28503

3 GALEX J032740.9 282320 51.920727 28.389056 19.09 0.12 18.637 0.067 0.00862 0.94 0.1 155 0.1 10577

4 GALEX J033235.0 275532 53.14599  27.925756 20.49 0.12 20.176 0.068 0.00864 0.1 0.01 0.4 0.01 05570

5 GALEX J033131.3 272846 52.880468 27.479551 19.23 0.12 18.716 0.067 0.00995 1.01 0.11 176 011 2.64'0%;

6 GALEX J033229.8 274423 53.124378 27.73994 19.97 0.12 19.435 0.067 0.0092 0.66 0.07 117 007 321737

7 GALEX J033249.8 273433 53.207886 27.575957 22.08 0.13 21.065 0.068 0.00827 1.16 0.4 2.89 0.18 27.4'%,3 12791 2.442
8 GALEX J033549.0 274919 53.95423  27.822048 21.95 0.13 20.976 0.073 001343 056 0.07 143 01 63277

9 GALEX J032916.5 273921 52.318753 27.655832 17.01 0.12 16.65 0067 0.01112 038 004 058 0.04 030702

10 .. 3.02 02!

11 GALEX J033424.5 274530 53.602409 27.758395 19.44 0.12 19.018 0.067 0.00853 2.94 0.33 461 029 57172

12 GALEX J032907.6 284117 52.281953 28.688087 20.41 0.12 19.625 0.067 0.01167 0.35 0.04 078 005 6.62'0 % 4.253 0.837
13 GALEX J032949.4 285057 52.455946 28.849296 20.45 0.12 19.843 0.068 00121 044 005 083 005 8112 1228 0.315
15 GALEX J033341.7 280736 53.423854 28.126769 21.42 0.12 20.352 0.068 0.00853 4.47 05 1097 069 36253 19.742 3.56
16 GALEX J033059.4 281000 52.74774  28.166835 18.64 0.12 18.225 0.067 0.00926 2.34 0.26 373 023 47203 1718 035
17 GALEX J033249.5 275839 53.206398 27.977736 23738 0.125 0.00806 9.67 111 40472 8151 1516
18 ..

19 GALEX J033417.6 273931 5357366  27.658699 21.42 0.12 20.682 0.068 0.00846 0.66 0.07 1.37 009 10.2"8

20 GALEX J033341.2 273808 53.421869 27.635593 22.98 0.13 22.176 0.072 0.00802 0.07 001 0.17 001 7.00'%8;

21 GALEX J033151.5 281227 52.964884 28.207763 21.05 0.12 20.562 0.068 0.00938 147 0.16 237 015 124'",2 10541 2.014
22 498 %2 3.896 1.228
23 142*%, 5825 1.132
24 .

26 GALEX J033245.9 275745 53.191281 27.962535 19.88 0.12 19.477 0.067 0.00806 134 0.5 209 0.3 3.00°%2 3.08 0.536
27 GALEX J032957.0 281840 52.48763  28.311293 18.52 0.12 17.865 0.067 0.00898 153 0.7 3.05 0.19 21897337 1.238 0.246
28 GALEX J033318.1 280908 53.3254 28152402 257 0.33 25.746 0.246 0.00841

29 6.06 033

30 0:49
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Table C2 (continued)

ID GALEX Name GALEX GALEX FUvV NUV E( B V) SFR FUV SFRNUV LrRr M2

31 GALEX J033414.4 274221 53.560362 27.706052 21.78 0.12 20.954 0.068 0.00844 023 0.03 053 003 3.339%

32 GALEX J033332.1 272917 53.383843 27.488205 21.15 0.12 20.51 0.068  0.0083  0.83 0.09 157 01 52273

34 GALEX J033149.6 274325 52.956886 27.723754 22.887 0.083 0.00904 3.48 027 46.3"; 15243 2.493
599

35 12297575 4.604 0.784

36 1344 %35 12,073 2.149

38 GALEX J033215.7 280348 53.065624 28.063464 2301 01  0.00764 211 019 5928, 21382 3.922

39 ..

40 GALEX J032821.0 292631 52.087587 29.442053 19.67 0.12 19.146 0.067 0.00854  0.78 0.09 137 0.08 4.34% 3

41 GALEX J033430.6 271914 53.627691 27.320708 22.18 0.13 20.743 0.069 0.01122 0.6 0.02 066 0.04 14.6"7

42 ..

43 GALEX J033309.7 274800 53.290632 27.800154 22.38 0.12 21.741 0.07 000814 043 005 079 005 7.78%7%3

44 GALEX J033131.2 273236 52.879954 27.543585 23.862 0.105 0.00871

45 GALEX J033150.9 281120 52.96221  28.18901 21.02 0.12 20.68 0.068 0.00938 217 024 297 019 889745 11915 1891

46 GALEX J033110.5 265740 52.79395  26.961304 18.9 0.12 18.524 0.067 0.00774

47 GALEX J033110.8 275552 52.795045 27.931179 22.53 0.12 21.851 0.07  0.0086

48 GALEX J033055.6 275501 52.732045 27.917032 21.0 0.068  0.0090

49 GALEX J033032.8 273539 52.636808 27.504438 21.19 0.12 20.536 0.069 0.00936 043 005 084 005 4.63 3 4769 0.916

50 .. 70.1% % 34.049 6.752

51 GALEX J033046.2 275518 52.692639 27.921688 25.13 0.32 23.015 0.105 0.0090 049 015 217 021 212"

52 .. 86.6 732 6.812 1.202

53 GALEX J033419.6 265318 53.581519 26.888353 19.08 0.12 18.701 0.067  0.00995

54 ... 1957, 2177 0.349

55 GALEX J033130.0 275602 52.87525  27.933952 24.46 0.19 22.243 0.078 0.00828 137.04 24.31 288.87 20.78 106™%, 20.026 3.013

56 GALEX J033034.4 274328 52.643648 27.72453 24576 0.194 0.00846

57 GALEX J033432.9 275148 53.637466 27.863358 23.54 0.14 22.283 0.076 0.00905

58 ..

60 GALEX J033422.1 275042 53.592338 27.845121 22.939 0.094 0.00871
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Table C2 (continued)

ID GALEX Name GALEX GALEX FUvV NUV E( B V) SFRFyv SFRnuv Lrr M~

61 ..

62 GALEX J033120.1 275819 52.833759 27.971939 24.442 0504  0.0080 114 053 176"

63 GALEX J033316.4 275039 53.318678 27.844186 21.93 0.12 21.247 0.069 0.00738 0.14 002 029 002 1762 3845 0.65
64 ...

65 GALEX J033018.2 275500 52.575918 27.916683 18.88 0.12 18.508 0.067 0.00827 196 0.22 2.99 0.18 24072 1911 0.381
66 .. 835*%%, 15543 2.356
68 GALEX J033146.6 275734 52.944236 27.959632 24.44 0.19 22.748 0.099 0.00818 031 0.05 1.31 0.12 4697, 11.692 1.66
69 GALEX J033154.6 281035 52.977711 28.176491 22.74 0.23 21.844 012 000909 045 0.1 1.03 0.11 54075 4392 085
70 GALEX J033110.9 284832 52.795552 28.80897 19.06 0.12 187 0067 0.01024 321 036 479 03 65177 10717 223
71 GALEX J033140.6 272938 52.919358 27.494078 21.62 0.12 20.574 0.068 0.00888 0.11 001 0.32 0.02 1223

72 GALEX J033120.3 273346 52.834738 27.562779 21.31 0.12 20.713 0.069 0.00973 137 0.6 241 0.15 5507:5 8.098 1.493
73 .. 497 5% 11.63 1.93
75 GALEX J033114.5 273906 52.810475 27.651857 22.46 0.2 21.119 0.07 000914 132 015 431 028 101,35 3827 7.201
76 .. 66.5%,3 8598 1.161
77 GALEX J033219.1 273138 53.079817 27.527321 21.62 0.12 21.032 0.068 0.00952 144 0.16 245 0.15 611537 12.134 2.735
78 GALEX J033401.5 274754 53.506405 27.798424 23.327 0504 0.00754

80 ..

83 GALEX J033634.3 284230 54.143208 28.708474 21.53 0.12 20.353 0.07 001355 118 0.3 355 023 28205 10255 2.071
84 GALEX J033318.9 281434 53.329027 28.242794 21.3 0.12 20.741 0.069 0.00852 0.36 0.04 0.64 0.04 3.827°:3 6.028 1.128
85 GALEX J033153.4 274950 52.972841 27.830587 23772 0.102 0.00798 217 02 1057

86 GALEX J033447.9 283009 53.699655 28.502527 19.8 0.12 19.295 0.068 0.00847 023 0.03 0.39 0.02 09872 0815 0.129
87 GALEX J032746.7 265745 51.944804 26.962548 19.37 0.12 19.027 0.067 0.01328 1.169:93

88 GALEX J033637.3 284112 54.155408 28.686825 19.89 0.12 19.342 0.068 0.01355 059 0.07 1.06 0.07 3.79°%33

90 GALEX J032818.0 274307 52.07511  27.718748 22.99 0.16 21.647 0.073 0.01206 051 007 17 012 60.0%7

92 GALEX J033241.8 280550 53.17437  28.097491 23.45 0.14 22.624 0.079 0.00717 047 006 0.96 007 65178 3142 0674
93 ...

94 GALEX J033352.8 274347 53.470297 27.729779 22.21 0.2 21.255 0.069 0.0071 0.8 009 1.92 0.12 489 %

95 GALEX J033343.0 270910 53.429287 27.153012 20.0 0.12 19.456 0.067 0.01134 053 0.06 095 0.06 3333}
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Table C2 (continued)

1D GALEX Name GALEX GALEX FUV NUV E( B V) SFR FUV SFRNU\/ LrR M-

96 GALEX J033337.1 272906 53.404714 27.485016 21.35 0.12 20.749 0.068 0.00896 0.69 0.08 1.27 0.08 4.40" %

97 GALEX J033316.2 280223 53317712 28.039773 23.1 0.3 22.024 0072 000675 093 011 232 015 69777

98 GALEX J033214.3 273102 53.059692 27.517126 22.98 0.15 22.574 0.091  0.00924

99 GALEX J033247.0 270708 53.195852 27.11912 19.86 0.12 19.29 0.067  0.00891

100 GALEX J033203.8 281015 53.016063 28.17096 23.483 0.094 0.00843 253 219 337%%7  31.822 14.775

101 ...

102 GALEX J033125.1 275211 52.85488  27.869679 23.83 0.13 22.265 0.073 0.00772 48.93 6.04 32.23 216 3787, 19.499 2.896

103 GALEX J032708.3 270524 51.784617 27.090199 20.55 0.12 19.824 0.068 0.01335

106 GALEX J032704.4 280713 51.768423 28.120328 23.8 0.19 22.645 0.099  0.00944 21599

109 GALEX J033408.0 275407 53.533691 27.902007 21.4 0.12 20.924 0.068 0.00744

110 GALEX J033217.7 275058 53.07384  27.84969 23.95 0.17 23.043 0.097 0.00776 0.04 001 0.11 001 17892 2402 0.384

12 .. 106 "5, 0402 0.183

113 GALEX J033349.0 273843 53.454251 27.645331 22.678 0.088 0.00802

115

118

119

120 ...

122 GALEX J033025.7 275017 52.607255 27.838082 20.98 0.12 20.351 0.067 0.00826 0.68 0.08 1.28 0.8 3.60'%3. 3.238 0.628

123

125 .. 303*,5 1672 0.598

126 GALEX J033212.5 283248 53.052314 28.546836 23.26 0.18 22.781 0.1  0.0082 10.69 1.82 4.83 045 53.0'%,;:2 10.32 3.849

127 GALEX J033225.7 291709 53.107192 29.285858 19.14 0.12 18.734 0.067 0.00979 4.43 049 6.8 042 7.06":5, 8745 1.719

128 .. 58.5 Y12 ,° 48.841 9.912

129 GALEX J033227.3 284157 53.113772 28.699345 22.89 0.14 21.648 0.072 0.00999 0.24 0.03 079 005 8.86" 3  4.049 0.806
+20 :3

130 206", 5854 1023

131 28.0*7,:3 9677 1.357

132 .. 84.0 "%, 1 3939 0.763

134 GALEX J032813.0 270449 52.054388 27.080549 18.37 0.12 18.001 0.067  0.01253 0.86'%:19

suediauno) 1Sv1g Jo sbojered O

G/¢



Table C2 (continued)

ID GALEX Name GALEX GALEX FUV NUV E( B V) SFR FUV SFRNUV LFRr M~

135 GALEX J033133.9 282403 52.891282 28.400861 23.29 0.14 22.015 0.07 00087 048 006 15 0.1 243%%5 6369 1671
136 GALEX J033228.5 273536 53.11883  27.593592 2592 0.3 23.828 0.121 0.0097  0.89 024 182 02 154", 37.782 12.281
137 GALEX J032821.5 280811 52.089837 28.136439 20.49 0.12 19.866 0.068 0.00842  3.69 041 655 041 22472

138 GALEX J033348.9 275014 53.453949 27.837456 25.064 0.252 0.00622

139 59.3 %77

140 ...

143 GALEX J033147.9 281007 52.949911 28.168868 24.71 0.24 21.189 0.07 0.00939 0.2 004 475 031 411732 16.095 3.185
145 GALEX J033211.1 275858 53.046532 27.982875 20.08 0.12 19.678 0.067 000852  7.45 0.83 10.53 0.65 2.80"%2 11.444 1.915
146 GALEX J033000.4 275346 52.501809 27.896302 21.02 0.12 20.379 0.068 0.00844 091 01 174 011 49075 13495 2621
147

148

149 .. 10.3*%:%  6.664 1.246
152 GALEX J033649.0 271938 54.204385 27.327469 22.28 0.13 21.756 0.078 001227 031 0.04 052 004 1183

154 GALEX J033541.2 285521 53.921886 28.922714 20.12 0.2 19.681 0.068 0.00957 153 017 244 015 4657:% 2386 0537
155 GALEX J032929.4 284218 52.372851 28.705028 18.09 0.12 17.747 0.067 0.01159  3.26 036  4.83 0.3 3303 1.821 0.392
157 GALEX J033609.1 280944 54.037984 28.162246 23.24 0.19 21.793 0.094 0.01055  0.67 012 24 021 516%;, 18643 3.62
158 GALEX J033307.3 281409 53.280691 28.235987 19.82 0.12 19.343 0.067 0.00824 0.9 002 0.32 0.02 0303 0389 0081
160 GALEX J032843.6 274409 52.182047 27.735859 22.57 0.13 21.426 0.07  0.00847

162 .. 37782 3452 0.616
163 GALEX J033114.1 273411 52.809126 27.569857 23.38 0.13 21.643 0.073 0.00979  2.63 0.33 7.99 054 29.7°0° 8753 1.525
165 GALEX J033605.9 293413 54.024817 29.570388 22.86 0.16 21.547 0.102 001119 078 0.12 251 023 20.2%.;* 14919 2.152
166 GALEX J033055.0 293426 52.729487 29.574  23.39 0.15 22279 0.075 001019 039 0.06 1.07 007 20573 11.484 2.099
167 GALEX J033247.9 274232 53.199576 27.709084 23291 0.093 0.00866 6.65 0.57 76.6"%,

168 GALEX J033111.4 275257 52.797751 27.882512 21.24 0.12 20.616 0.068 0.00836 220.07 24.58 60.6 3.79 18575 5826 1.729
169 ... 190 %3 58.348 8.475
170 GALEX J033038.4 275748 52.660132 27.963382 25.29 0.24 23.346 0.09 0.00808  0.12 0.03 0.64 0.05 14.07%3 4535 0814
173 GALEX J033131.7 281304 52.882415 28.21781 23.887 0.145 0.00964
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Table C2 (continued)

ID GALEX Name GALEX GALEX FUV NUV E( B V) SFR FUV SFR NUV L|:|R M-

174 ...

175 GALEX J033620.4 272422 54.085237 27.406153 22.2 0.14 21.557 0.075 0.01406

178

179 .. 74.0%9 18559 2.851
180 GALEX J033305.2 271948 53.271911 27.330179 23.24 0.13 21.85 0.07  0.00741

183 GALEX J033244.3 281100 53.184679 28.183461 21.47 0.12 20.878 0.068  0.00699 2.7 03 45 028 929379 9438 1.682
184 ... .

185 GALEX J033425.7 274515 53.60709  27.754291 24.57 0.36 23.602 0.164  0.00853

188 GALEX J033110.8 275552 52.795045 27.931179 22.53 0.12 21.851 0.07  0.0086 0.99 0.11 177 011 1357,F  3.276 0.627
19 ...

197 GALEX J033335.1 273244 53.39624  27.5457  24.86 0.23 22901 0.12 0.00817

198 GALEX J033216.3 273930 53.067966 27.658439 23.93 0.12 21.822 0.067 0.00956  62.19 6.92  79.73 4.93 83.3'%/ ;0

200 GALEX J033440.8 275630 53.670371 27.941711 21.85 0.12 21.294 0.068  0.0084 0.33 0.04 059 004 51272

202

203

204 19523 19.701 2.747
205 ...

207 GALEX J033353.7 275544 53.473739 27.929006 22.4 0.12 22126 0.071 0.00648 1120.62 127.35 424.35 27.59 74933

208 GALEX J033015.8 273949 52.566056 27.663656 25.13 0.51 24.129 0.146  0.0081

210 GALEX J033335.2 274815 53.396965 27.8043  24.46 0.16 22.928 0.126 000673 2597 3.86 164 1.9 850" 10078 1671
212 GALEX J033127.9 281028 52.866437 28.174512 23.496 0.093 0.00923 562 048 2487, 32754 6.222
213 GALEX J033403.8 273926 53.515887 27.657481 23.696 0.114 0.00826

218 1688, 4173 0.755
219

220 ..

221 GALEX J033211.6 273726 53.04849  27.623971 21.167 0.068 0.00958 34174 2135 2227

222 549 122

993 186

suediauno) 1Sv1g Jo sbojered O

LlC



Table C2 (continued)

ID

GALEX Name

GALEX

GALEX

FUV

NUV

E(B V)

SFRnuv

Lrr

M~

225
226
231
232
235
236
238
239
240
245
246
248
250
252
253
254
255
257
259
261
262
264
265
266
270
274
275
277

GALEX J033122.5
GALEX J033722.8

GALEX J033212.3

GALEX J032814.4
GALEX J033120.0

GALEX J032752.0

GALEX J033347.8
GALEX J033546.3
GALEX J033121.8
GALEX J033105.2

GALEX J033305.8

GALEX J033127.8

275248
274020

272616

285920
274931

290911

271439

290940

275123

280614

272836

274429

52.843749
54.345093

53.051583

52.060386

52.833483

51.96666

53449416

53.943079

52.840984

52.771873

53.274333

52.865944

27.880162
27.672332

27.437917

28.989039
27.825427

29.153239

27.24419

29.161188

27.85649

28.103937

27.476814

27.741601

23.78

23.63

21.01

23.14

23.7

23.01

0.16

0.17

0.12

0.16

0.14

0.13

20.06
21.275

23.925

23.721

23.816

23.416

20521

22.404

23.72

22.53

24.034

22.982

0.067
0.071

0.106

0.231
0.136

0.148

0.068

0.088

0.164

0.076

0.109

0.084

0.00813
0.01087

0.00866

0.00724
0.00778

0.00888

0.00896
0.00962
0.00778
0.00833

0.0066

0.00734

661.27

0.78

2.8

0.61

1.38

5.19

0.33

.515
4319 53675

0.16
0.35

0.08

0.11

0.79

0.02

STE
14§ 28
17 7*‘%0:18

. 8:5

4371
726:5&5
8.007 3,

."272
41477

140 172
5.01%5:7;
41178
1.407 5

+192
603 "5,

12.658 1.65
7.556 1.381

435 3.472
2.664 0.52

3.666 0.697

85.6 73 79.278 15.63
4226 14.891
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Table C2 (continued)

ID GALEX Name GALEX GALEX FUvV NUV E( B V) SFR Fyv SFRnuv LrRr M~

280 GALEX J033352.3 273313 53.468291 27.553668 23359 0.101 0.00898

288 ...

289 GALEX J033101.4 273934 52.756057 27.659615 23.94 0138 0.00861 022 003 215% 0034 0011
294 GALEX J033325.1 273421 53.35491  27.572659 22.46 0.2 21.921 0.07 000693 491 056 537 035 4.787% .5 0105 0038
302 .. 278%7>3,  23.653 3.354
303 GALEX J033122.2 275755 52.842805 27.965377 24.3 0.16 22.897 0.089 000851 109 016 245 02 39.3'%,%1

304

307

309

311 .. 853>  50.648 8.308
318 GALEX J033209.5 280716 53.039879 28.121257 24553 0.174  0.0078 207 033 2075 6.636 2516
319

320

322 .. 174291 2625 0.397
323 GALEX J033556.4 283531 53.98499  28.591981 24.087 0.147 0.01151 022 003 39.3%9,% 17128 2448
329 GALEX J033333.6 281403 53.390188 28.234378 253 0.31 23.153 0.12 0.00909 19.92 5.7 2816 3.12 179", 44785 14.422
332

333 .. 292%%% 10517 1.675
335 GALEX J033612.1 290520 54.05074  29.089025 23.03 0.17 22.304 0.09 0.01016 0.69 011 1.29 011 44770 2911 4.433
339 GALEX J033018.2 285120 52.576305 28.855675 24.8 0.37 22.842 0.107 0.00979 0.18 0.06 1.0 01 485%° 6.416 1.152
341 ...

342 GALEX J032745.1 292350 51.93792  29.397395 22528 0.143 0.00822

343

344

346 ...

355 GALEX J033117.7 272016 52.824134 27.337986 19.84 0.12 19.571 0068 000994 149 017 204 013 1760

359 ...

360 GALEX J032735.8 285921 51.899171 28.989387 23.39 0.16 23.418 0.125 0.00902 125 0.8 1.01 0.12 7.57%3
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Table C2 (continued)

ID GALEX Name GALEX GALEX FUvV NUV E( B V) SFR Fyv SFRnuv LrRr M~

368 GALEX J032956.2 290313 52.484512 29.053836 21.28 0.12 20.769 0.069 0.00904 0.44 0.05 0.75 0.05 0.37+00:&g 0.25 0.048
376

Note. | Reading from the left, the columns are: the BLAST identi catio n number; the full IAU name of the GALEX counterpart to the BLAST
source; the position of the GALEX counterpart; the ux in the FUV lter, in magnitudes, with uncertain ty; the ux in the NUV lter, in magnitudes,
with uncertainty; Galactic extinction correction as from Schlegel et al . (1998), in magnitudes; star-formation rate as estimated from th e FUV ux (see
Equation 2.3),in M yr 1 with uncertainty (note that we listed SFR  gyy for all FUV sources, even if only those with z < 0:36 are to be considered reliable,
see Section 2.4.2); star-formation rate as estimated from the NUV ux  (see Equation 2.3),in M yr 1, with uncertainty (note that we listed SFR  nuy for
all NUV sources, even if only those with z < 0:91 are to be considered reliable, see Section 2.4.2); rest-frame bolometri ¢ FIR luminosity of the BLAST ID,
in 101° L , with upper and lower uncertainties (note that we quote the mode, an  d 68% c.l. of the distribution obtained, see Section 2.3.2 for details) ; stellar
mass of the BLAST ID, in 10 1°M (see Section 2.8 for details), with uncertainty.
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