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Talk Overview

An quick review of distance measurement.
The "Hubble Law” and peculiar velocities.
Some popular distance indicafors.

The SBF method in deftalil.

A digression on interpolation kernels

SBF in the ACS Virgo and Fornax Surveys
SBF in the near-Infrared & Adaptive Optics

- Peculiar Motions and Bulk Flows



Parallax

Because even the nearest stars are very
far away, we need the longest possible
baseline: two opposite locations on the
Earth’s surface can give the distance to
a satellite, but two widely separated
points during the Earth’s orbit are
needed for measure stellar parallaxes.

d=1/p e

p = parallax in arcseconds

d = distance to star in parsecs
(1 parsec = 3.26 light-years)

As sean from A As geen from B




Parallax

* It is useful to define the parsec as a unit of distance:

« 1 parsec (1 pc) = distance a star must have for its annual
parallax to be 1 arcsec:

1 pc = 206,265 A.U. (# arcsec/radian)
= 3.1x10"8 cm

= 3.26 light years

* It follows that if the parallax is measured in arcseconds ("),
and the distance is measured in parsecs (pc), then:



Parallax

* |f the parallax (p) is given in arcsec,

then the distance (d) in parsec can
be found very simply from: d =

5

un

Farth

“Baseline

If only Earth’s orbit were bigger!



Parallax

* Because even the nearest stars are

very far away, the largest stellar
parallaxes are very small:

* The nearest star Alpha Centauri
has a parallax of just 0.76 arcsec.
Stellar parallaxes cannot be
measured with the naked eye!

* S0, Alpha Centauri’s distance is:
d=1/0.76 =13 pc=4.2ly

* The first parallax was observed in

1837 (by Friedrich Bessel) for the
star 61 Cygni.

Friedrich Bessel




Measurements of Parallaxes

* Ground-based instruments can measure parallaxes to 0.01 arcsec.
* This is like measuring a quarter from a distance of about 40 miles.

* Therefore, from the ground we can only measure parallaxes to
stars within 100 parsecs. This includes only about ~100 stars.

* The Hipparcos satellite (in orbit 1989-1993) measured parallaxes
down to 0.001 arcsec, or out to 1000 parsecs = 1 kpc. This included
100,000 stars at 10% accuracy. (HST has similar capability).

*x ESA's GAIA (Global Astrometric Interferometer for Astrophysics)
satellite (to launch in 2011) will measure parallaxes to 10 arcsec

 This requires being able to measure the width of a human hair from
a distance of 2500 miles (4000 km)!

* Should measure parallaxes for a billion stars (1% of the Milky Way
galaxy) and the Magellanic Clouds (50 kpc). This would remove
the major lingering uncertainty in the Cepheid distance scale.
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Henrietta Swan Leavitt and the Cepheid
Period-Luminosity Relationship
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More luminous Cepheid variables take
longer to go through one pulsation cycle.
This simple observation made possible
the discovery that “spiral nebulae” are
separate galaxies, and more recently, the
value of Hp to better than 10% accuracy.
It thus unlocked the secret to the vast
size and extent of the Cosmos!

Large & Small Magellanic Clouds




Measuring Distances to Galaxies

* Astronomical objects whose luminosities are known with
confidence are called “Standard Candles.” Measuring their
apparent brightness gives their distance, after some calibration.

* Examples (which can be calibrated locally, except SNe) include:

- RR Lyrae variables can be used within the Local Group and
out to about 5 Mpc; luminosities depend on metallicity or color

- Cepheid variables have been used out to about 30 Mpc (about
2x Virgo); luminosities depend on the period (+ metallicity?)

* Classical novae (up to 50-100 Mpc?): peak luminosity depends
on decline rate, the time it takes for the nova to fade by ~2 mag.

* Globular clusters (up to 100 Mpc): mean luminosity is roughly
the same 1n all galaxies; some metallicity + age dependence.

* Type I supernovae (out to many Gpc): maximum luminosity
depends on the decline rate.



Example: Cepheid P-L Relation

* Suppose we measure the period of a Cepheid variable. We can
then use the period-luminosity relation to find its luminosity.

i
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* We measure the Cepheid’s apparent magnitude m directly;
armed with 1ts luminosity, or absolute magnitude M, we know:
(m-M) = 5log(d) + 25, where d 1s distance in Mpc.



Galaxy Velocities from Redshifts

We measure the velocities of galaxies
from the shift of their spectral lines:

(hops = No) /hg =V / C
v = c(Mhyp,—Ny)/Ny = C2

obs

where v 1s the galaxy’s velocity.

As Hubble found, almost all galaxies
(beyond the Local Group) are redshifted,
and thus moving away from us with
positive velocity. With Sloan, 2dF, etc,
we now have v’s for millions of galaxies,
but distances are harder to measure.

Plotting galaxy distance (from Cepheids,
etc, but not parallax!) vs velocity gives a
Hubble diagram.

GALAXIES in REDSHIFTS
D L

Virgo 1,200 km/s

Lrsa Major 15,000 kmds

Corona Borealis 22,000 km/s

Bootes 39000 km/s

Hydra G000 kmds

Doppler shifts tell us the galaxy velocities.




Example Hubble diagram, out to
d=10 Gpe, z=1.7
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The Hubble Law

4 Hubble’s law can be summarized as:
v = Hoxd + vy

d = (v-vp)/Hoy

+ where v 1s the observed velocity, v, 1s the peculiar velocity, d 1s
the distance, and Hp 1s the Hubble constant, the rate at which
the local Universe 1s expanding.

4 Best current estimate: Hyp = 72 + 6 km/s/Mpc.

= This means that for every 1 Mpc increase in distance,
a galaxy’s velocity will increase by about 73 km/sec.

4 The problem of course is vp, the unknown peculiar velocity.

+ You have to go out to at least 50 Mpc for vp to be less than 10%
of the observed velocity, and at least 100 Mpc if you really want
it to be negligible (assuming the galaxy isn’t in a cluster with
velocity dispersion 0= 1000 km/s).

13



TABLE IIIL

How key cosmological parameter constraints depend on data used and on assumptions about other parameters. The

columns compare different theoretical priors indicated by numbers in ifalics. w . denotes dark energy that can cluster as in [7]. Rows
labeled " +S5D5SST combine WMAP3 and S5D5S5 LRG data.

Dana Vanilla Wanilla + €2,  Vanilla + r YVanilla + o Vanilla + w,  Vanilla + w Wanilla + w,
0, WMAP | 1.054 30004 | l 1 1 |
+SDSS | 1.00315 00 | l 1 1 |
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The Hubble Space Telescope Key
Project on the Distance Scale
(“Ho Key Project”)

e Series of papers measuring Cepheid distances to spiral
galaxies with HST and then recalibrating various distance
indicators to get the value of Ho

e Culminated in Freedman et al. (2001, ApJ, 553, 47), which
averaged Hoy results from the following 5 methods:

e Type la supernovae (all galaxy types)

e Tully-Fisher method (spirals)

e Surface Brightness Fluctuations (ellipticals, SOs, bulges)

e Type Il supernovae (late-type, star-forming galaxies )

¢ Fundamental plane (early-type galaxies)




The Hubble Space Telescope Key
Project on the Distance Scale
(“Ho Key Project”)

¢ |n an earlier paper, Ferrarese et al. (2000, ApJ, 529, 745),
besides calibrating the SBF method, also calibrated the
following distance indicators:

e Tip of the Red Giant Branch (‘Pop II' systems)

e Globular Cluster Luminosity Function (mostly gE’s)

e Planetary Nebula Luminosity Function (all types, more or
less, but can have problems with HII regions in spirals)

¢ but these were deemed not “far-reaching” enough (TRGB and
PNLF) or not reliable enough (GCLF) for useful Hp estimates.

e For additional info on distance methods, see the big review

article by: Jacoby et al. (1992), PASP, 104, 599
(including C. Pritchet)



Comments on selected distance methods

e TRGB, Cepheids, SBF, and SNe Ia have the best internal
accuracies, all better than 10%, or 0.2 mag, per galaxy

e TRGB is great, but barely gets you to Virgo, even with HST

e Cepheids are the gold standard, but intensely observationally
demanding, and require HST for distances beyond a few Mpc

* SNe Ia reach cosmological distances with good accuracy, but
cannot target individual galaxies, e.g., for peculiar velocities

e T-F and FP can target very large samples of galaxies, but the
internal accuracy per galaxy is only about 20%, or 0.4 mag

e GCLF has uncertain universality; GC mean size (Jordan et al.
2005, ApJ, ACSVCS X) is an interesting new method, but
much more observationally demanding & requires HST.

e SBF: what we’ll consider in detail for most of this lecture...
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ARSTRACT

We describe a relatively direct technique of determining extragalactic distances. The method relies on
measuring the luminosity fluctuations that arise from the counting statistics of the stars contributing the
flux in each pixel of a high-signal-to-noise CCD image of a galaxy. The amplitude of these fluctuations
15 inversely proportional to the distance of the galaxy. This approach bypasses most of the successive
stages of calibration required in the traditional extragalactic distance ladder; the only serious drawback
to this method is that it requires an accurate knowledge of the bright end (M, <3) of the luminosity
function. Potentially, this method can produce accurate distances of elliptical galaxies and spiral bulges
at distances out to about 20 Mpc. In this paper, we explain how to calculate the value of the fluctu-
ations, taking into account various sources of contamination and the effects of finite spatial resolution,
and we demonstrate, via simulations and CCD images of M32 and N3379, the feasibility and limitations

of this technigue.

L INTRODUCTION

A basic problem in astrophysics is the measurement of the
distance to celestial objects. Truly reliable distances can be
derived from radar timing in the solar system and parallax
measurements of nearby stars. For more distant sources, we
must rely on indirect techniques such as the moving cluster
method, statistical parallaxes, or main-sequence fitting { see,
for example, Mihalas and Binney 1981). The traditional ap-
proach for extragalactic measurements 15 to construct a dis-
tance ladder of ever more luminous and rare beacons that
can be seen to enormous distances, stand out from the sur-
rounding background, and which, we trust, have constant or
calibratable luminosities. As we bootstrap ourselves up this
distance ladder, however, each successive rung is progres-

E 2

primary disadvantages are that the stellar luminosity func-
tion must be quite accurately known and that high-signal-to-
noise data are required; the latter item demands that the
contributors to the noise and fluctuations in the data be well
understood. The finite spatial resolution introduced by in-
strumental and atmospheric blurring, while setting the ulti-
mate limits for the technigue, is actually an asset to the meth-
od in some respects.

The following section investigates the sources and ampli-
tudes of luminosity fluctuations and describes the steps re-
quired for data processing. Section I11 illustrates the expect-
ed behavior of galaxies at different distances, and shows the
results of this techmgue when applied to simulated data. Ob-
servations of M32 and N3379 are presented in Sec. IV. In
Sec. Vowe discuss the results and imnlications, and suggest



Surface Brightness Fluctuations (SBF)

e SBF is the brightness, or intensity, variance in a galaxy
image due to the fluctuations in the finite number and
luminosity of unresolved stars per pixel in the image.

e The ratio of this brightness variance to the mean galaxy
surface brightness is called f and it scales inversely
with the square of the galaxy distance.

o fhas units of flux and is usually converted to a
magnitude called m. The distance modulus:
(m-M) = (m-M) follows once M is known.

e |n practice, M depends on both the bandpass & stellar
population. In the optical, the stellar pop dependence is
well calibrated, and the zero point has been tied to the
Cepheid distance scale to accuracy of ~ 0.08 mag.



SBF: Galaxy surface brightness is
independent of distance, but the variance
(measured in Fourier space) goes as d*

globular star cluster ~ M32 (Andromeda) M49 (Virgo)

N ~ 106 stars N ~ 109 stars N ~ 1012 stars
d~ 10 kpc d~ 770 kpc d~ 16 Mpc
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Measure amplitude of the
fluctuations in Fourier space
(variance convolved with PSF)

Convert to magnitudes and
calibrate dependence on
stellar pop (color, Mg», etc) for
galaxies at same distance:
normalized fluctuations (SBF)
fainter in redder galaxies.

-
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Set zero point from Cepheid _
distances to these groups. |-

Or, if you’re bold, from
stellar population models.
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First Good SBF Models:
Worthey 1993, Buzzoni 1993
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Absolute Magnitude

Comparison of Distance Indicators
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SBF in the 90’s:
Ground-based I-band
survey of ~300 galaxies.

SBF distances
used to constrain
peculiar velocities,  The SBF Surv
Virgo infall,

Ho = 73 km/s/Mpc
B =€06/b = 0.45
Q= 0.25
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On to the New FEra. ..
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Radial SBF gradients in eight Measurements from archival
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SBF fainter in (red) galaxy centers.
(Cantiello, Blakeslee, Raimondo, Brocato et al. 2005, 2007)



See: Fruchter & Hook
2002, PASP. 1 14, 144

Geometrical

N Transformation

Output Fine
Pixel Grid

Original Coarse | |

Pixel Grid

“Drizzle” is a program for correcting = —

geometric distortion in HST images.




M87 drizzled with Guassian (left) and Lanczos3 (right) kernels.




The point kernel is great for preserving noise
properties, but not for small-scale structure.

(Unless you have very many images and can
subpixelize, e.g., UDF.)

single-pointing image residual after smooth
drizzled with point kernel model subtraction



Drizzle weight maps for different kernels

Gaussian kernel (similar to linear Lanczos3 kernel

Gaussian wght

verall gradient is due to variable pixel area in original (distorted) image.



Simulations indicate
we can get unbiased
measurement of the
power spectrum
amplitude using the
lanczos3 kernel,
though may need to
omit the highest
wavenumbers from
the fit.

Mei, Blakeslee, Tonry,
& ACS Virgo Team 2005
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ACS Virgo + Fornax Surveys

X Imaging surveys of 100 [+43] early-type galaxies in
the Virgo [+Fornax] clusters with g+z bandpasses
of the Advanced Camera for Surveys (ACS) on HST

* ACSVCS (Cycle 11) and ACSFCS (Cycle 13)

X Scientific Objectives Include:

X Properties of globular clusters (GCs) in early-type galaxies: half-light radii
(Jordan et al. 2005), colors (Peng et al. 2006), masses (Jordan et al. 2006; 2007),

LMXB connection (Jordan et al. 2004, Sivakoff et al. 2006), CMDs (Mieske et
al. 2006), frequencies and formation efficiencies (Peng et al. 2007)

X Central structure of early-type galaxies and their nuclei and black holes
[Ferrarese et al. 2006ab; Coté et al. 2006, 2007]

> Calibration of the Surface Brightness Fluctuations method in ACS z-band,
derivation of distances and mapping of the 3-D galaxy distribution inVirgo;

exploration of effects from stellar population variation [Mei, Blakeslee, Tonry,
et al. 2005ab, 2007]



SBF “fluctuation magnitude” versus (g-z) color:
elliptical galaxy stellar population VRIz predictions

z-band SBF bright;
~ 0.06 mag scatter.

Blakeslee, Vazdekis,
& Ajhar 2001

composite stellar
population models.

Other SBF models:
Worthey 1993
Buzzoni 1993

Liu et al. 2000
Cantiello et al. 2003
Mouhcine et al. 2005
Raimondo et al. 2005

Marin-Franch &
Apparicio 2006

Lee et al. 2008




z-band SBF magnitude versus (g-z) color:
The Empirical Distance Calibration

85 Virgo Cluster
Survey Galaxies
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ACSVCS SBF measurements compared to
BC2003 stellar population model predictions

& éz’ﬁ =ele Theoretically-calibrated
8 40% Solar SBF Virgo distance of
® 20% Solar 15.5 Mpc (but some
® 2% Solar Py uncertainty in model
. zero-point luminosity).
@
i. .-' F.
. /an See also the
Lk 2 comparison to
. i il A Raimondo et al.
AR (2005) models in
et Biscardi et al.
5 (2008).



Virgo in 3-D




The 3-D Structure of Virgo:
Projections in the Supergalactic Plane
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Velocity-distance relation from the
ACS Virgo Cluster Survey
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3-D Structure of Virgo

® Mean error per galaxy: o (m-M) = 0.07 mag, or = 0.5 Mpc.

® Triaxial structure, with axial ratios about 1: 0.7 : 0.5

® Line-of-sight depth of main cluster = 2.41+0.4 Mpc (i.e., + 20
intrinsic distribution).

® Spatial distribution of dwarfs follows that of giants.

® Group of galaxies associated with NGC 4365 (W’ Cloud) about
6.5 Mpc behind main cluster and infalling at ~ 450 km/s.

® Other substructure evident, e.g., the high-velocity galaxy M86
(NGC4406) and companions are ~ 1 Mpc beyond the core.

® M87 and M49 subclusters at essentially identical D = 16.5 Mpc.



“Next Generation Virgo Survey”

---- Virgo Cluster Catalog (Binggeli et al. 1985)

+ Subcluster A and B centers Q GALEX fields
O ACS Virgo Cluster Survey ——— CWR Intracluster Light Survey
— Cote et al. (2004, 2008) (ACS,WFPC2,NIC1,WIRCam) Arecibo Galaxy Environment Survey (AGES)
APP r Oved C F H T - Treu et al. (2007) (Chendra, Spitzer) ——— Herschel Virgo Cluster Survey (HeViCS)
- Kenny/Axon et al. (2008) (VLA) UKIDSS/LAS (UKIRT Infrared Deep Sky Survey)

Large Survey .
Programme, http://www.astrosci.ca/NGVS |

+ MacDonald et al. (2008) H-band Survey ——— NGVS Survey - Ry, for Subclusters A and B
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| The Fornax Cluster:
m © more regular and dynamically evolved than Virgo
| » core radius = 40% that of Virgo
e central density (= 500 Mpc-3) twice that of Virgo
» velocity dispersion (= 370 km s-1) half that of Virgo
e order of magnitude higher collision rate
= ¢ compact structure ideal for distance calibration
- will allow us to improve work on Virgo structure

.
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. 1 SBF Results
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o ) Fornax cluster
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e w s Foas a s s s as JPB et al 2008,
8 1.6 ApJ, submitted.
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ACS Fornax Survey
compared to Tonry
et al. 2001| distances

3x improvement in
measurement error;
2Xx improvement in
distance uncertainty.



Structure of Fornax (or lack thereof)
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Fornax Hubble Diagram
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No sign of velocity-distance relation, unlike in Virgo



’Infrared SBE

® SBF is ~30x more luminous at K than at [
+ Dominated by luminous RGB stars

° Incfeétsed contrast w1th (less contatnination from)

globular Clusl:_ers & background galaxies
_ Seemg is better in the near-IR
o Extmctlon.l much o(wer than in the optical
‘gulatlons and'AGB stars

er'acy 1S broken

® Sensitive to young ge
® Age- metalh iy claue
> IR SBF can reach 'greater distarices

> IR SBF/can reveal: young and intermediate
componentsin unresolvedistellar populations



IR SBF with Adaptive Optics

® SBF measurements rely
on photometric PSF
fitting in Fourier space.

® Temporal and spatial
variations of the PSF in
AO images have limited
their usefulness for SBF
measurements to date.




Anisoplanatism




Multi-conjugate AO

® Gemini MCAOQO + GSAOQOI

¢ Provides a uniform PSF across a 1.4x1.4 arcmin field
¢ 3 DMs, b laser guide stars, 3 natural tip-tilt guide stars
¢ 4096x4096 with 0.02 arcsec pixels, 2 arcmin?

¢ Will be deployed on Gemini-South in 2009 (fingers crossed)

» Also new GLAO systems will provide
{ uniform FWHM = 0.5” PSF over 5° FOVs. _

: .
tjila‘ll =X
= B
2 :
= 0




IR SBF: looking ahead. . . .

JWST NIRCam TMT IRIS
- Very low background - Enormous collecting area
- Extremely stable PSF - Very high spatial resolution

diffraction-limited images

10x furﬂfér thén Gemini
or oS

50x faster than Gemini



Peculiar Velocity Surveys
and Large-Scale Flows
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The CMB Dipole

e Until the 1970, astronomers pretty much assumed
that the Local Group, on average, was “at rest” with
respect to the general Hubble expansion

® This changed with the discovery in 1976 of the dipole

anisotropy in the Cosmic Microwave Background
(CMB) radiation.

® The CMB provides a natural reference frame for the
analysis of motions in the universe.

® The dipole in the CMB showed that the Local Group
has a significant motion with respect to the overall
mass distribution of the universe.



CMB Dipole




The CMB Dipole

® The solar system moves with a velocity of 370 km/s
with respect to the CMB rest frame, known to very
high precision from CMB experiments.

® Corrected for the Sun’s orbit and the relative motion
of the Milky Way and Andromeda, the barycenter of
the Local Group is moving at 626 km/s with respect

to the CMB in the direction: ([, b) = 276°,+30°

® Thus, peculiar velocities of many hundreds of km/s
exist in the universe, even for groups in relatively low
density regions such as the local volume.



Explaining the CMB Dipole

e Early work on peculiar motions (late ’70s & early ’80s)
concentrated on measuring the infall of the Local Group
towards the Virgo cluster, located at cz = | 100 km/s

(or d = cz/Ho = 1100/72 = |5 Mpc).

¢ Virgo infall velocities of 150-400 km/s were found; this
was too low to account for the CMB dipole and not in

the right direction, since Virgo is at (/, b) = 187°,+12°

® The rest of the LG motion must result from a pull in the
direction of the Hydra-Centaurus supercluster. It was
assumed that Hydra-Cen, which is at cz = 3000 km/s =
40 Mpc, was the source of the gravitational attraction.




Virgo Infall as
seen from SBF
peculiar velocity
measurements.
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CMB Dipole: Great Attractor?

® However, in the late 1980s, a series of papers by the
“Seven Samurai” (Faber, Dressler, Burstein, Lynden-Bell,
Davies,Wegner, Terlevich) used the Fundamental Plane
distance indicator to measure peculiar velocities for

about 400 ear

® They reported

y-type galaxies.

that galaxies in the Hydra-Centaurus

supercluster a

so participated in a large-scale flow

towards a yet more distance source.

e The /S group called the source of this motion the
“Great Attractor’. They found a best-fit Hubble

velocity cz = 4500 km/s for the GA, or about 50% more
distant than Hydra-Cen itself (but in same direction).



CMB Dipole: Great Attractor?

® Still more curiously, attempts in the 1990s to measure
“back-side infall” into the Great Attractor for galaxies at
cz = 5000 km/s and beyond gave conflicting results.
Claimed detections of the back-side infall were highly
ambiguous and controversial.

e At the same time, it was also pointed out that the more
distant Shapley Supercluster, at cz = 14,800 km/s
lay in the same direction. Thus, the proposed GA might
really be a combination of Hydra-Cen at 3000 km/s and
Shapley at 4-5 times this distance.



Even Larger Scale Flows?

® In the mid-1990s, Lauer & Postman measured the bulk flow
for 119 Abell clusters out to cz = 15,000 km/s using brightest
cluster galaxies (BCGs) as rough standard candles (with a
luminosity correction based on the galaxy profile).

® They found a similar amplitude bulk motion of ~ 600 km/s,
but in an entirely different direction. This result attracted a lot
of attention, because such a large amplitude flow, over such a
large volume, appeared inconsistent with the smoothness of
the CMB radiation. It would be difficult to generate so much
power on these large scales, given that the universe appeared
so smooth at recombination.

® No subsequent study confirmed the Lauer-Postman result,
and most people now consider it incorrect, although no one
has identified a major systematic error in their analysis.

(¢f. Victoria Cosmic Flows conference)
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SBF in the 90’s:
Ground-based I-band
survey of ~300 galaxies.

SBF distances
used to constrain
peculiar velocities,  The SBF Surv
Virgo infall,
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Tonry et al. (2000) used SBF distances and peculiar
velocities to model the local velocity field using massive
Virgo and Great Attractors, plus a residual dipole and
quadrupole from masses outside the survey volume.
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Hubble diagram:
raw velocity
versus distance

Hubble diagram
with velocities
corrected by SBF
flow model .

Tonry, Blakeslee, Ajhar
& Dressler 2000
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Direct Comparison of Peculiar Velocity Field
to the Galaxy Density (and Gravity) Field

The present-day peculiar velocity of a field galaxy (or group) is equal
to the time-averaged gravitational acceleration from all nearby masses

times the time since galaxy formation: v, = {(g) X t

To first order in linear perturbation theory (e.g., Peebles 1980), this
can be rewritten to relate v, to the mass density field:

Q"°H, : SR el
v(r) = | dir's, \r') — \
| T |Ir o Ir_|_.

+ T

where () is the mean matter density of universe, Ho is the Hubble
constant, and On, is the mass density fluctuation field. Thus, peculiar
velocities are (to 1% order) independent of /A, and a good complement
to CMB observations (which constrain Q+A).

Usually assume linear biasing: Om = 0g/b, where 0gis galaxy number
density field (can be found observationally) and b is the galaxy/matter
biasing factor (e.g., b=1 is an “unbiased” galaxy distribution).
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. . . s o0l eo 2 100 km/s
motion is evident ——=al——" ()600 kmy/s
in both the IRAS Peculiar Velocity Predictions

galaxy peculiar
velocities and
density field.
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SBF Peculiar Velocity Measurements
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Peculiar Motions and Large Scale Structure

® |arge modern redshift surveys provide easier, more direct ways to
measure cosmological parameters. For instance,“baryonic accoustic
oscillations” (BAO) measure a characteristic size in the large-scale
distribution of galaxies, corresponding to the maximum wavelength of
sounds waves in the hot plasma prior to recombination. For details
on BAQO, see: http://cmb.as.arizona.edu/~eisenste/acousticpeak/ .

® Both large-scale motions and BAO are a consequence of structure
formation through gravitational instability, which means that initially
overdense regions grow by pulling in more matter, which further
increases their gravity, causing further mass accretion, and so on.
Unlike peculiar velocities, the BAO signature can be measured as a
function of redshift, providing a very powerful probe of cosmology.

® But peculiar motions remain the best way to constrain the total 3-D
large-scale mass distributions of relatively nearby structures. For
example, lensing only constrains projected mass and cannot be used
very nearby; galaxy redshift surveys only measure galaxies, not the
mass distribution; etc. Peculiar velocities can show how the total
mass is distributed within the local universe.


http://cmb.as.arizona.edu/~eisenste/acousticpeak/
http://cmb.as.arizona.edu/~eisenste/acousticpeak/

How far can we go?

We (you, me, Milky Way, Local Group, etc) are falling towards the
constellatlon Centaurus at 626 km/s (1 410,000 mph).
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“Streaming Towards Shapley”

114-Orbit Large Program, analysis in progress
(Blakeslee, Lucey, R. Smith, & Tonry)
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Determine mass of this extreme supercluster and its influence
on Local motion by measuring infall of foreground clusters.






QOutlook

Its an exciting time for cosmology and large-scale
structure studies; peculiar velocity surveys remain an
interesting way for studying local structure.

The SBF method provides the best compromise between
accuracy and distance range for studying peculiar motions
and local structure. It also provides excellent measures
of the relative distances to nearby clusters.

Good near-term prospects for optical SBF with NGVS,
Pan-STARRSs, etc, which will have good seeing and multi-
band coverage to ensure accurate stellar pop calibration.

The future looks bright, especially for near-IR SBF
studies with Gemini+MCAO, hopefully HST+WFC3/IR,
JWST & TMT/EELT.



