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Galaxy properties are connected to the environment


•  Morphological$segrega>on$
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What’s the origin of  the galaxy-environment relation? 
Nature or Nurture? (that is the question...)

Nature?$
•  The$environment$establishes$different$ini>al$condi>ons$for$different$galaxies$$
•  Galaxies$are$intrinsically$different$from$the$beginning$
•  The$forma>on$of$ellip>cals$occurs$at$high,z$in$the$densest$regions$

$
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Nurture?$
•  Galaxies$follow$different$evolu>onary$paths,$depending$on$their$local$

environment.$
•  Dense$environments$transform$ac>vely$star,formging$galaxies$into$more$

quiescent$galaxies$via$interac>ons$and$removal$of$gas$

Kenney$et$al.$2003$



What’s the origin of  the galaxy-environment relation? 
Nature or Nurture? (that is the question...)

Nature?$
•  The$environment$establishes$different$ini>al$condi>ons$for$different$galaxies$$
•  Galaxies$are$intrinsically$different$from$the$beginning$
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$
Nurture?$
•  Galaxies$follow$different$evolu>onary$paths,$depending$on$their$local$

environment.$
•  Dense$environments$transform$ac>vely$star,formging$galaxies$into$more$

quiescent$galaxies$via$interac>ons$and$removal$of$gas$
$

BOTH?$
•  There$are$isolated$galaxies$with$low$star$forma>on$rates$$

! $the$environment$is$not$the$only$determinant!$
$



•  Need$to$look$back$at$the$peak$epoch$of$galaxy$forma>on,$$
where$ini>al$condi>ons$
likely$set$the$stage$for$
the$establishment$of$$$
the$galaxy,environment$
rela>on.$$

$
Outstanding$challenges$
remain$to$iden>fy$and$
characterize$overdense$
regions$in$the$distant$

universe.$$
$ Madau$&$Dickinson$2014$

What’s the origin of  the galaxy-environment relation? �





How to identify galaxy-overdense regions?

At$low$redshie:$
① Galaxies$$

–  Op>cal/near,IR/mid,IR:$look$for$the$red$sequence$in$already,
established$clusters$

$
(Gladders$&$Yee$2000)$

SpARCS$collabora>on$



How to identify galaxy-overdense regions?

At$low$redshie:$
① Galaxies$$
② Gas$$$

–  X,ray:$trace$the$hot$intracluster$gas$(e.g.,$Chandra,$XMM)$
$

Chandra$images$
Credit:$NASA/CXC/MSFC/M.Bonamente$et$al.$

Abell$2029$
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How to identify galaxy-overdense regions?

At$low$redshie:$
① Galaxies$$
② Gas$$$

–  X,ray:$trace$the$hot$intracluster$gas$(e.g.,$Chandra,$XMM)$
–  Sunyaev,Zeldovich$effect$using$CMB$experiments$(SPT,$ACT,$Planck)$

③ Gravita>onal$lensing$$
–  Currently$expensive,$but,$e.g.,$ESA’s$Euclid$mission,$~2020$

$

NASA/ESA$
Abell$2218$

HST$



How to identify galaxy-overdense regions?

At$low$redshie:$
① Galaxies$$

•  Op>cal/near,IR/mid,IR:$look$for$the$red$sequence$in$already,
established$clusters$

② Gas$$$
–  X,ray:$trace$the$hot$intracluster$gas$(e.g.,$Chandra,$XMM)$
–  Sunyaev,Zeldovich$effect$using$CMB$experiments$(SPT,$ACT,$Planck)$

③ Gravitaional$lensing$$
–  Currently$expensive,$but,$e.g.,$ESA’s$Euclid$mission,$~2020$
$
No$perfect$approach...$out$to$z~1,2$$
(though$extending$further$with$follow,up$of$SZ,detec>ons)$
$
$

$

$

(Gladders$&$Yee$2000)$

By$the$nature$of$these$techniques,$(most$of)$of$these$clusters$are$
already$"formed"$



Protocluster tracers at higher redshifts

•  Radio$galaxies$and$quasars$have$been$used$to$map$the$large$scale$

structure$at$z$~$2,5$
$
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Largest$black$holes$
(and$biggest$galaxies)$
at$high$redshie,$so$
likely$progenitors$of$

BCGs!$

(e.g.,$Venemans+02,$Kurk+04,$Overzier+05)$



(e.g.,$Venemans+02,$Kurk+04,$Overzier+05)$

Protocluster tracers at higher redshifts

•  Radio$galaxies$and$quasars$have$been$used$to$map$the$large$scale$

structure$at$z$~$2,5$
$

Hα$emisng$galaxies$

Protocluster$at$z~2.2$around$radio$galaxies$with$Subaru$Telescope$
(Shimakawa+14)$$
$

684 M. Hayes and G. Östlin: The detection properties of high-z Lyα galaxies

inconsistencies at the edges. Narrowband filters targeting the
Lyα line are defined to have a full width of 2% their cen-
tral wavelength (λc) while broadband filters have full widths
of 20% λc. That is, the width of the broadband filters scales
with λc in approximately the same way as it does in the Johnson-
Cousins/Bessell and JHKLM systems. The narrowband filters
scale similarly so as not to introduce effects that may result from
sampling different spectral regions at different redshifts.

One issue that arises when using narrow filters to isolate an
emission line is the positioning of the line within the filter pro-
file. That is, is the line centrally positioned and narrow enough
to allow maximum transmission of the line flux? Chemistry and
manufacturing processes dictate that filters (particularly narrow-
band) cannot be perfectly rectangular and most frequently take
the form of bell-curves. Whilst photometric redshifts or drop-
out techniques may be used to remove interlopers (most notably
[O II]λ3726 Å), photo-z’s of individual objects do not reach the
required levels of accuracy to determine the position of Lyα
within a narrow bandpass (typical photo-z accuracies of ∆z =
0.05(1+z) cannot determine whether the line falls within a 2%λc
narrowband filter or not). In addition, photo-z methods tend to
be reliant upon sampling the Balmer/4000 Å break which is lost
from optical multiband datasets at z ∼ 1, something we discuss
in another context in Sect. 4. At high-z and without spectroscopic
data, the selection of LAE candidates by detection in the nar-
rowband filter becomes the most accurate estimate of redshift.
Hence effects that result from the line falling in the wing of a fil-
ter will always be something that has to be considered. Starburst
galaxies do not exhibit significantly broadened spectral lines:
concerning Lyα, Matsuda et al. (2006) spectroscopically mea-
sured the widths of 37 LABs at z = 3.1, finding Lyα full widths
(FWHM) in the range 150–1700 km s−1 with a median value of
550 km s−1. This corresponds to a maximum Gaussian σ of 3 Å
at Lyα (median value of∼1 Å). Thus given the 2%λc narrowband
filters used here, even the broadest Lyα lines will be completely
transmitted (2% rectangular filters drop to 99% of complete line
transmission at σ = 4.70 Å ∼ FWHM = 2700 km s−1). The bin
size of our SEDs is 1 Å and, since the median σ of the Matsuda
et al. study is 1 Å, we feel safe in depositing all of the Lyα flux
in one bin (see Sect. 2.1).

“Observed” fluxes in all filters are computed by convolution
of the profile and the spectrum, and integration. In order to es-
timate true line-fluxes (FLyα), it is essential to have a robust es-
timate of the flux due to continuum processes that is present in
the on-line filter. This estimate of the continuum flux at 1216 Å
is central to Lyα studies and here we use various methods to
scale the nearby continuum flux to Lyα (described below). With
estimates of the line and continuum fluxes, equivalent widths,
defined as WLyα = FLyα/ fcont, are computed, where fcont is the
continuum flux density at line-centre. To this end, a number
of different commonly implemented and feasible observational
techniques are employed from which FLyα and WLyα are esti-
mated.

For on-line observations, a narrowband (2%λc) filter is
used, centred at the observed wavelength of redshifted Lyα.
Broadband (20%λc) filters are positioned at various wavelengths
in the redshifted SED in the UV and optical, sampling the rest-
frame SED at 1216, 1500, 2200, 3300, and 4400 Å. That is, filter
wavelengths and full widths are defined in the restframe – the
same region of the SED is sampled at all redshifts. Using these
broadband filters, continuum flux at Lyα is estimated using four
techniques numbered (#1–#4) in order of the central wavelength

1216Å

1216Å 1500Å

1216Å 1500Å 2200Å

1216Å 1500Å 2200Å 3300Å 4400Å

1.

2.

3.

4.

Increasing wavelength

Fig. 1. Schematic diagram of filter positioning for the four observational
approaches described in Sect. 2.3 the text. Narrowband filters (on-line,
black) have widths of 2% their central wavelengths and broadband fil-
ters (continuum, grey) have widths of 20% λc. Wavelength indications
represent central wavelength of the filters and are marked in the rest-
frame of the SED. I.e. observation-frame filters are centred at (1+z) ·λc.
(This figure is available in color in electronic form.)

of the reddest filter used. A schematic representation can be seen
in Fig. 1.

The techniques are:

1. Narrowband on-line filter at redshifted Lyα and one broad-
band filter with the same central wavelength. While neither
of these observations samples the line or continuum individ-
ually, they both sample the line-flux plus continuum; the flux
in each filter is the sum of the line-flux (FLyα) and the prod-
uct of the continuum flux-density ( fcont) and filter-width (W).
If a flat continuum (β = 0) is assumed across the broadband
filter, FLyα and fcont can be obtained from the solution of two
simultaneous equations as

Fline =
WbFn −WnFb

Wb −Wn
fcont =

Fb − Fn

Wb −Wn
(3)

traces$galaxy$con>nuum$
dominated$by$line$emission$

λ(Hα)=$$6563Å$

Approach:$$
Look$for$“more$normal”$galaxies$in$
the$vicinity$of$these$tracers$



Protocluster tracers at higher redshifts

•  Radio$galaxies$and$quasars$have$been$used$to$map$the$large$scale$

structure$at$z$~$2,5$
•  Protocluster$galaxies$are$already$more$evolved$than$those$in$the$

field$!$accelerated$forma>on$in$dense$regions$
$

Steidel$et$al.$2005$

Older$

More$
massive$

LBGs$at$
z~2.3$$

Already$evidence$for$
enhanced$evolu>on$$

(e.g.,$Venemans+02,$Kurk+04,$Overzier+05)$



Protocluster tracers at higher redshifts

•  Radio$galaxies$and$quasars$have$been$used$to$map$the$large$scale$

structure$at$z$~$2,5$
•  Protocluster$galaxies$are$already$more$evolved$than$those$in$the$

field$!$accelerated$forma>on$in$dense$regions$
$

Venemans+02$

Ly,α$
emizers$
z~4.2$$

Kurk+04$

Ly,α$
emizers$

Hα$
emizers$
at$z~2.2$$

Around$$
radio$galaxy$$
TN$J1338,1942$

Around$$
radio$galaxy$$
PKS$1138,262$

Quite$successful$
approach$

(e.g.,$Venemans+02,$Kurk+04,$Overzier+05)$



Protocluster tracers at higher redshifts

•  Radio$galaxies$and$quasars$have$been$used$to$map$the$large$scale$

structure$at$z$~$2,5$
•  Protocluster$galaxies$are$already$more$evolved$than$those$in$the$

field$!$accelerated$forma>on$in$dense$regions$

HOWEVER:$
1.  These$tracers$represent$a$short$stage$in$the$life$of$a$galaxy$(~$107$years)$
2.  Radio$fluxes$drop$with$redshie$$

–  strong$observa>onal$bias$towards$more$evolved$structures$
$

Many$addi>onal$forming$clusters…$We$need$more$abundant$
(somewhat$less$extreme)$tracers!$$$

$
$
$

$

(e.g.,$Venemans+02,$Kurk+04,$Overzier+05)$



High-Redshift Ultra-luminous Galaxies – 
untapped tracers of  large-scale structure


•  More$abundant$than$QSOs$by$a$factor$of$~5,10$
–  Submillimeter,selected$ULIRGs$$

(Chapman+03+05,$Coppin+06)$
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High-Redshift Ultra-luminous Galaxies – 
untapped tracers of  large-scale structure


•  More$abundant$than$QSOs$by$a$factor$of$~5,10$

•  SMGs$and$QSOs$at$z~2$live$in$DM$halos$of$similar$mass$(Mhalo$~$1013$M�)$
–  more$clustered$than$other$high,z$popula>ons$

$

Submillimeter,selected$ULIRGs$(Chapman+03+05,$Coppin+06)$
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~2-3 L*
ellipticals

QSOs

QSOs

clusters

Figure 39: Auto-correlation length r0 of DSFGs compared to a variety of galaxy populations over the redshift interval 0 < z < 3. These include
optically-selected SDSS QSOs at 0 < z < 3 (Myers et al., 2006; Ross et al., 2009) Lyman-break galaxies (Adelberger et al., 2005), MIPS 24
µm-selected star-forming galaxies at 0 < z < 1.4 (Gilli et al., 2007), AGES and DEEP2 red and blue galaxies at 0.25 < z < 1 from the AGES
(Hickox et al., 2009; Coil et al., 2008) SDSS-selected luminous red galaxies (LRGs) at 0 < z < 0.7 (Wake et al., 2008), and optically-selected
galaxy clusters at 0.1 < z < 0.3 (Estrada et al., 2009). The figure also shows the r0 for low-redshift galaxies with r-band luminosities in the range
1.5 to 3.5 L?, derived from the luminosity dependence of clustering (Zehavi et al., 2011). Dotted lines show r0 versus redshift for dark matter
haloes of di↵erent masses. The thick solid line shows the expected evolution in r0 for the halo mass estimated by Hickox et al. (2012) as the best-fit
halo mass for S 870 > few mJy SMGs at z = 2. This evolution suggests that the SMGs are likely to evolve into luminous elliptical galaxies in the
local Universe. The figure is reproduced with permission from Hickox et al. (2012).
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(e.g.,$Lyman,Break$Galaxies;$
Steidel$et$al.)$



High-Redshift Ultra-luminous Galaxies – 
untapped tracers of  large-scale structure


•  More$abundant$than$QSOs$by$a$factor$of$~5,10$
–  Submillimeter,selected$ULIRGs$$

1$

850µm$
@$z~2$

$$$$$$$$$λ$(µm)$10$ 100$

$
M82:$
LIR~3x1010LSol$

(Chapman+03+05,$Coppin+06)$

Why$is$the$submm$selec>on$so$
special?$
•  “Normally”,$the$further$a$galaxy$

is,$the$fainter$it$appears$
•  (nega>ve)$K,correc>on$in$the$

submm/mm$beats$the$odds!$
–  As$we$search$for$galaxies$

further$and$further$away,$
the$submm/mm$flux$stays$
approximately$the$same!$

SMGs$are$just$as$submm,bright$at$
z~1$as$they$are$at$z~5$!$key$to$
inspect$the$very$distant$universe!$
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Submm Galaxies: Signposts of  Protoclusters �
(an on-going investigation…)


Co,Is:$Peter$Capak$(Caltech,$EUA),$Andrew$Blain$(Leicester,$UK),$$
Kar>k$Sheth$(NRAO,$EUA),$Thiago$S.$Gonçalves$(Valongo/UFRJ),$$

Claudia$Scarlata$(U.$Minnesota,$EUA),$Aldée$Charbonnier$(Valongo/UFRJ),$
Harry$Teplitz$(Caltech,$EUA),$Paulo$A.$Lopes$(Valongo/UFRJ)$

$
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Submm Galaxies: Signposts of  Protoclusters �
(an on-going investigation…)


•  We$target$candidate$overdensi>es$at$z~1,5$
$
Steps$
①  Iden>fica>on$of$overdensity$members$$
$

 

>$4$Gyr$during$which$a$protocluster$slowly$approaches$virializa>on$
$
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Submm Galaxies: Signposts of  Protoclusters �
(an on-going investigation…)


•  We$target$candidate$overdensi>es$at$z~1,5$
$
Steps$
①  Iden>fica>on$of$overdensity$members$$
$

 

>$4$Gyr$during$which$a$protocluster$slowly$approaches$virializa>on$
$
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Submm Galaxies: Signposts of  Protoclusters �
(an on-going investigation…)


•  We$target$candidate$overdensi>es$at$z~1,5$
$
Steps$
①  Iden>fica>on$of$overdensity$members$$
②  Characteriza>on$of$overall$significance$of$the$overdensity$

–  use$studies$of$Lyα$emizers$in$the$field$(i.e,$outside$of$overdensity)$
at$similar$redshies$as$a$control$comparison$

$

$

 

>$4$Gyr$during$which$a$protocluster$slowly$approaches$virializa>on$
$

(e.g.,$Large$Lyman$Alpha$Survey;$Rhoads$et$al.$2000)$

Tracers$of$halos$with$more$modest$
masses,$caught$in$an$ac>ve$period$
$$

!$SMGs$appear$to$trace$a$wider$
range$of$environments!$

HDF,North$
at$z=1.99$

SMGs$
SFRGs$
UV,selected$

Chapman+09$



Submm Galaxies: Signposts of  Protoclusters �
(an on-going investigation…)


•  We$target$candidate$overdensi>es$at$z~1,5$
$
Steps$
①  Iden>fica>on$of$overdensity$members$$
②  Characteriza>on$of$overall$significance$of$the$overdensity$
③  Follow,up$study$of$overdensity$members$to$extract$individual/stacked$

galaxy$proper>es,$probing$for$trends$in$the$spa>al$distribu>on$$
$

$

 

>$4$Gyr$during$which$a$protocluster$slowly$approaches$virializa>on$
$

Spitzer IRAC: 3.6, 4.5um IMACS 



Submm Galaxies: Signposts of  Protoclusters �
(an on-going investigation…)


•  We$target$candidate$overdensi>es$at$z~1,5$
$
Steps$
①  Iden>fica>on$of$overdensity$members$$
②  Characteriza>on$of$overall$significance$of$the$overdensity$
③  Follow,up$study$of$overdensity$members$to$extract$individual/stacked$

galaxy$proper>es,$probing$for$trends$in$the$spa>al$distribu>on$$
④ Assessment$of$distribu>on$in$galaxy$proper>es$according$to$

protocluster$maturity$

$

 

>$4$Gyr$during$which$a$protocluster$slowly$approaches$virializa>on$
$

(e.g.,$overdensity$mass,$gaussianity$of$the$rela>ve$
velocity$of$overdensity$members)$$
$



Take$Away$Points$
•  Most$massive$structures$formed$over$a$wide$redshie$range$

–  They$are$forming$their$stars/galaxies$at$z>2$
–  Need$to$probe$higher$redshies$to$trace$the$origin$(and$
evolu>on)$of$the$galaxy,environment$rela>on$

•  Radio$galaxies$have$been$successfully$used$as$tracers$of$
protoclusters,$but$need$more$abundant$tracers$at$high$redshie!$

•  SMGs$appear$to$be$good$tracers$of$overdense$regions$at$z>1$
–  tracers$of$structures$with$modest$masses$caught$in$highly$ac>ve$
periods$

!$SMGs$may$be$tracers$of$a$wider$range$of$environments$beyond$
the$progenitors$of$todays$very$rich$clusters$

•  With$our$program$we$aim$to$probe$for$changes$in$the$distribu>on$
of$galaxy$proper>es$and$explore$the$way$galaxy$and$local$
environment$relate$to$each$other$within$the$broader$picture$of$a$
cosmologically,evolving$overdensity.$$


