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Galaxy Evolution at z<1
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• what do we know about z<1 universe?
• unsolved problems
• DECam advantage
• the low surface brightness universe

What have we learned at z<1?

• blue disks (red spheroids) were
more (less) common in past

• most z<1 star-formation occurs in disk
galaxies

• galaxy merger rate evolves modestly
• typical AGN are in massive, bulge-dominated
galaxies

Morphology

Assembly History

Star-formation
History

disks

spheroids
SAURON, ATLAS3d

Hogg et al. 2004

total star-formation /
co-moving volume

Evolution in SFR density

redshift

Bouwens et al. 2009

ness at the faint end. Our stellar masses are actually derived
using NICMOS and ground-based near-IR observations
that reach significantly redder rest-frame wavelengths
(0.54–1.44 lm for the Ks -band data) over the entire redshift
range being considered here.

HDF-N at all redshifts z < 3, the minimum estimate for !!
at z " 1 is #7 times larger than that from the maximumM=L models at z " 2:7.
Figure 7 places the HDF-N mass density estimates into a
global context, comparing them with other data at
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Evolution in stellar mass density

redshift
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Fig. 7.—Redshift evolution of the comoving stellar mass density, "! . The horizontal axis scaling and error bars are as in Fig. 5. Open symbols show results
from the literature at 0 < z < 1 (circle, Cole et al. 2001; triangles, Brinchmann & Ellis 2000; squares, Cohen 2002). The HDF-N points ( filled squares) show
results for the Z$ , one-component !ðtÞ model fits. The vertical error bars show the 68% random errors for this choice of model, combining the sampling
variance and the mass fitting uncertainties. The vertical extent of the boxes shows the range of systematic uncertainty introduced by varying the metallicity

Evolution in the Galaxy Merger Rate
Major Mergers

merger rate evolves
modestly
(1+z)0.1± 0.4

Major+Minor Mergers

(1+z)2.1± 0.2

0.5-1 major merger per
L* galaxy since z~1
1-3 minor mergers per
L* galaxy since z~1

Lotz et al. 2011

How Do Galaxies Assemble?

time

galaxy mergers vs. gas accretion

Lacey & Cole 1993
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mass accretion rate
per co-moving volume
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Unsolved problems in galaxy evolution

• inside-out growth of disks and spheroids:
gas accretion and minor mergers

• quenching + spheroid formation
• assembly of the most massive galaxies
• survival of the smallest galaxies

010 galaxies, from the local group to redshifts z > 6. It will provide useful shape measurements
six-band photometry for about 4 × 109 galaxies (§ 3.7.2). Figure 9.1 and Figure 9.2 provide
ations of the grasp of LSST relative to other existing or planned surveys.
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e 9.1:
Comparison of survey depth and solid angle coverage. The height of the bar shows the solid angle
ed by the survey. The color of the bar is set to indicate a combination of resolution, area, and depth with
alues set to r = V /V (HUDF), g = (m − 15/)/16, and b = θ/2�� , where V is the volume within which the

010 galaxies, from the local group to redshifts z > 6. It will provide useful shape measurements
six-band photometry for about 4 × 109 galaxies (§ 3.7.2). Figure 9.1 and Figure 9.2 provide
ations of the grasp of LSST relative to other existing or planned surveys.
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e 9.1:
Comparison of survey depth and solid angle coverage. The height of the bar shows the solid angle
ed by the survey. The color of the bar is set to indicate a combination of resolution, area, and depth with
alues set to r = V /V (HUDF), g = (m − 15/)/16, and b = θ/2�� , where V is the volume within which the

DECam advantages
field of view: statistics, large objects
depth: distant objects, low-surface brightness
y-band: better photz, stellar masses
what DES will not do:

• very deep fields (except for SNe fields but no y)
• special places (local galaxies, nearby clusters)
• special filters (u, narrow-band)

Unsolved problems in galaxy evolution

• inside-out growth of disks and spheroids:
gas accretion and minor mergers

• quenching + spheroid formation
• assembly of the most massive galaxies
• formation + survival of the smallest galaxies
low-surface brightness universe
μ ~ 27-29 mag per sq arcsec

Ly-alpha halos: scattering or accretion?

ysical Journal, 736:160 (18pp), 2011 August 1

Steidel et al.

Figure 4. Left: scaled far-UV continuum image produced (as described in the text) from the average
fields. The regions shown are 20!! ("160 physical kpc at z = 2.65) on a side, with a grid spacing of 2!! .
sample of galaxies. In both panels, the contours are logarithmically spaced in surface brightness with t
(A color version of this figure is available in the online journal.)

: scaled far-UV continuum image produced (as described in the text) from the average of 92 continuum-selected LBGs, drawn from three independent
ions shown are 20!! ("160 physical kpc at z = 2.65) on a side, with a grid spacing of 2!! . Right: the continuum-subtracted, stacked Lyα image for the same
xies. In both panels, the contours are logarithmically spaced in surface brightness with the lowest contour shown at "2.5 × 10−19 erg s−1 cm−2 arcsec−2 .
on of this figure is available in the online journal.)

stack of 92 z~3 LBGs
LRIS NB over 0.04 sq degrees
of the form S(b) = C exp(−b/b ) for projected radii beyond
the centralon
arcsec;
the parameters of the best-fit values for the
~3 fields x 10 hr exptime
Keck
normalization C and scale length b are given in Table 2 for each
sub-sample
as well.
In the full image stack, the effective surface
need to go 10x deeper
to
see
brightness detection thresholds are a factor of ∼10 lower than
for individual galaxies; it is clear that the distribution of Lyα
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ter images of nearby galaxies from our pilot survey (see Section 3 for discussion) showing large, diffuse light substructures in their
tream in Messier 63; (b) giant plumes around NGC 1084; (c) partial tidally disrupted satellites in NGC 4216; (d) an umbrella-sh
4651; (e) an enormous stellar cloud in NGC 7531; (f) diffuse, large-scale and more coherent features around NGC 3521; (g) a promi
structure seen emanating from NGC 5866 (BBO 0.5 m); (h) a strange inner halo in NGC 1055, sprinkled with several spikes of d
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Outer halos of local disk galaxies
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Quenching - environment, mass, AGN
Chapter 10: Active Galactic Nuclei

AGN variability is detectable
for i < 24 objects in
2-epoch, dt =30 days
– 23 –

what is correlation of AGN
with stellar mass,
environment, color?

LSST Science Book

Figure 10.2: The probability of detecting an AGN as variable as a function of redshift and absolute m
two epochs separated by 30 days. Right: 12 epochs spanning a total of 360 days. Nearly all of the AG

1023

spheroidal galaxies grow outer envelopes from z~2
via ‘dry’ or minor mergers?
THE GROWTH OF MASSIVE GALAXIES SINCE z = 2

1023

SDSS

MUYSC

z=0.1
μB+V+I ~ 29

igure 9.14: Left: MUSYC U V R image of a z = 0.1 galaxy with red low surface brightness feature
ecent interaction without active star formation (van Dokkum 2005). This image reaches a 1σ surfa
imit of mag 29.5 arcsec−2 , a good match to the expected LSST depth. Right: SDSS gri image of the
iece of sky, showing that these features are not accessible to the current generation of full-sky survey
ery local Universe.

2010

THE GROWTH OF MASSIVE GALAXIES SINCE z = 2

hapter 9: Galaxies

2010

Spheroid galaxy assembly

van Dokkum 2005, 2010; LSST Science Book

. Top panels: stacked images of galaxies with constant number density in four redshift bins. Each image is 24!! × 24!! . The images reach surface brightness
∼28.5 AB mag arcsec−2 , and correspond to ∼3000 hr of total exposure time on a 4 m class telescope. Middle panels: deconvolved stacks, highlighting the
the radial extent of the low surface brightness emission decreases with redshift. Broken (solid) contours show the radii where the flux is 5% (0.5%) of the
. The 5% contour is similar at all redshifts, but the 0.5% contour evolves rapidly. Bottom panels: radial surface brightness profiles, normalized to the peak
e original stacks. Observed profiles are shown in blue, deconvolved profiles in red. The black curve is for stacked images of stars. The galaxies are resolved
shifts, and are progressively smaller at higher redshifts.
version of this figure is available in the online journal.)

Distant major mergers

CFHTLS Deep
i-band exptime ~ 30 hours
μi ~ 29 mag/sq arcsec
~1500 interactions to z~1
found in 2 sq degrees
Bridge et al. 2010

Figure 1. Examples of galaxies classified to have tidal tails or bridges from the CFHTLS-Deep Catalog of Interacting Galaxies. The i ! -band images (left) and col
composites (g ! , r ! , i ! ) range in class from galaxies with tidal tails (various lengths), close pairs with tidal bridges to double nuclei with tidal
tails. Each stamp is 100 h−
!
Figure
Examples
of galaxies
classified
to havethat
tidal
orclassified.
bridges from
Catalog of Interacting Galaxies. The i -band images (left) and col
kpc
on a1.side.
The! white
circle marks
the galaxy
hastails
been
Thethe
XY CFHTLS-Deep
axes are in arcseconds.
!
!
composites (g , r , i ) range in class from galaxies with tidal tails (various lengths), close pairs with tidal bridges to double nuclei with tidal tails. Each stamp is 100 h−
kpc on a side. The white circle marks the galaxy that has been classified. The XY axes are in arcseconds.

sensitivities of our survey. The results that follow are therefore

classifications. The classifications remained the same 97% o

Brightest Cluster Galaxy Formation

de Lucia & Blaziot 2007
why don’t very massive galaxies grow at z<0.7 ?

Brown et al. 2007

IntraCluster Light in Virgo
No. 1, 2005

DIFFUSE LIGHT IN VIRGO CLUSTER

Fig. 2.—Diffuse light in the Virgo Cluster, color-coded by surface brightness: blue, mV p 25–26; yellow, mV p 26–27; green, mV p 27–28; and red,
mV p 28–29. North is up; east is to the left.

~2 degrees
tends beyond,
a group
to the north. There
μV ~toward
25–26
μVof ~galaxies
26–27
is a surface brightness gradient along its length; near M87 it
μV ~brightness
27–28of μ
has a surface
m Vp~
2728-29
, dropping to m p 27.8
V

V

near the pair. From the point at which it emerges from M87’s
stellar halo to where it fades into the background, the streamer
has total length of 38! (178 kpc), a characteristic width of 3!. 5
(16 kpc), and a total luminosity of ∼109 L,. Because NGC
4458 and NGC 4461 have a very high velocity relative to one

L43

Fig. 3.—Schematic diagram showing location of diffuse features discussed
in the text.

tidal morphologies (J. C. Mihos 2005, in preparation). Other
notable features include NGC 4388’s tidal plumes to the west
and northeast (E), a southern tail in NGC 4425 (F; both noted
by Malin [1994]) that connects to VCC 987, another tail extending from IC 3349 (G) and passing through VCC 942, and
a loop to the east of IC 3475 (H).
At low surface brightness, the giant elliptical M87 shows a
very extended and irregular stellar envelope. From photographic images, Weil et al. (1997) and Katsiyannis et al. (1998)

Mihos et al. 2005

Ultra-faint dwarf galaxy detection
Chapter 7: Milky Way and Local Volume Structure

Ursa Major I dwarf satellite, MV != −5.5, d =100 kpc

μV ~ 27.5

Figure 7.10: Far left: Map of all stars with r < 21.5 in the field around the Ursa Major I dwarf satellite, MV = −5.5,
d =100 kpc. Middle: Map of stars passing a color-magnitude filter projected m − M = 20.0 Far right: Spatially
smoothed number density map of the stars in the middle panel. The galaxy has a central V -band surface brightness
of only 27.5 mag arcsec−2 (Martin et al. 2008). Figure and caption from Willman (2009) with permission. Data
from SDSS Data Release 7.

7.10 Stellar Tracers of Low-Surface Brightness Structure in the
Local Volume
Beth Willman, Jay Strader, Roelof de Jong, Rok Roškar
The unprecedented sensitivity to point sources and large sky coverage of LSST will for the first
time enable the use of resolved stellar populations to uniformly trace structure in and around a
complete sample of galaxies within the Local Volume. This section focuses on the science that can
be done by using resolved stars observed by LSST to discover and study low-surface brightness
stellar structures beyond the virial radius of the Milky Way. Chapter 6 of this Science Book
focuses on the science that can be done by using resolved stars observed by LSST to study stellar
populations. § 9.3 and § 9.6 of this Science Book focus on the study of low surface brightness
structures using diﬀuse light.

Tollerud et al. 2008 / Willman et al 2009/ LSST Science Book

Ultra-faint dwarf galaxy detection
Chapter 7: Milky Way and Local Volume Structure

Ursa Major
I dwarf satellite, MV != −5.5, d =100 kpc
Chapter 7: Milky Way and Local Volume
Structure

μV ~ 27.5

Figure 7.10: Far left: Map of all stars with r < 21.5 in the field around the Ursa Major I dwarf satellite, MV = −5.5,
d =100 kpc. Middle: Map of stars passing a color-magnitude filter projected m − M = 20.0 Far right: Spatially
smoothed number density map of the stars in the middle panel. The galaxy has a central V -band surface brightness
of only 27.5 mag arcsec−2 (Martin et al. 2008). Figure and caption from Willman (2009) with permission. Data
from SDSS Data Release 7.

search for ultra-faint
dwarfs in southern sky

7.10 Stellar Tracers of Low-Surface Brightness Structure in the
Local Volume
Beth Willman, Jay Strader, Roelof de Jong, Rok Roškar
The unprecedented sensitivity to point sources and large sky coverage of LSST will for the first
time enable the use of resolved stellar populations to uniformly trace structure in and around a
complete sample of galaxies within the Local Volume. This section focuses on the science that can
be done by using resolved stars observed by LSST to discover and study low-surface brightness
stellar structures
beyond
the virial
radius ofin
thethe
Milky
Way.Data
Chapter
6 of this
Science catalogs,
Book
Figure 7.9: Left panel: Maximum detection
distance
of dwarf
galaxies
SDSS
Release
5 stellar
focuses on the science that can be done by using resolved stars observed by LSST to study stellar
and projected for future surveys. The
dwarf galaxies known within 1 Mpc are overplotted in red. Right panel: The
populations. § 9.3 and § 9.6 of this Science Book focus on the study of low surface brightness
predicted luminosity function of dwarf
galaxies
400 kpc of the Milky Way (blue line) over 4π steradians.
structures
using within
diﬀuse light.

Tollerud et al. 2008 / Willman et al 2009/ LSST Science Book

Summary
‘sweet spot’ for low-surface brightness universe
μ ~ 27-28 mag per sq arcsec (~10-20 hours of
exptime)
distant galaxies -- stacking to examine outer
halos
nearby galaxies/clusters -- deep, targeted
observations
ultra-faint dwarfs -- blind search, deep follow-up

