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OUTGINERS AND COSMOLOGY.

CODEX AGGERERIS CAELESTISE

(THE BOOK OF CELESTIAL AGGREGATES...A PRIMER)

GALAXY CLUSTERS AS A FAIR
SAMPLE OF THE UNIVERSE...

STRONG LENSING -~ ALL. IS NOT
WELL. ... SHOULD YOU CARE?

COUNTING AND WEIGHING: THE
—VOLUTION OF N(M,2)
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1 USTERS AND COSMOLOGY,

USING CLUSTERS AS STANDARD RODS
FOR Hy MEASURES (C.F. W. FREEDMAN’S

TALK. J. CARLSTROM)

CLUSTERS AS SITES FOR SNE SEARCHES
(C.F. M. KOWALSKI’'S TALK)

THINGS | HADN’'T REMEMBERED TO
PUT IN BY LAST NIGHT...




GAUEXF.RH NSDERSSACRIMER

e THE NEAREST GOOD EXAMPLES FIRST NOTED BY MESSIER
(1781: VIRGO CLUSTER) AND HERSCHEL (1785: THE COMA
CLUSTER). THE MODERN(ISH) DESCRIPTION AS A “CLUSTER”
(“OF SPIRAL NEBULAE”) ORIGINATES WITH SHAPLEY & AMES
(1926) AND HUBBLE & HUMASON (1931).

e ATTEMPTS TO INFER THE MASSES OF CLUSTERS USING THE
VIRIAL THEOREM (EDDINGTON 1916) FOLLOWED SHORTLY
THEREAFTER (ZWICKY 1933,1937) AND MARK BOTH THE
(UNHERALDED) DISCOVERY OF DARK MATTER, AND THE
REALIZATION OF GALAXY CLUSTERS AS THE “BEST” PLACE TO
LOOK FOR GRAVITATIONAL LENSING.




S. SNOWDEN, ROSAT

Coma Cluster
0.5-2.0 keV

LOPEZ-CRUZ(1997)




GAUEXF.RH NSDERSSACRIMER

e CLUSTERS ARE NOW KNOWN TO BE AGGREGATES OF
BARYONS (STARS, PRINCIPALLY IN GALAXIES, GAS,
PRINCIPALLY BETWEEN GALAXIES) AND DARK MATTER, WITH
TOTAL MASSES RANGING UP TO ~101°M
e GALAXY CLUSTERS ARE THE SPIDERS IN THE COSMIC WEB.
THEY SIT AT THE |INTERSECTIONS OF FILAMENTS,
ACCUMULATING MASS OVER TIME THROUGH THE ACCRETION
OF GALAXIES, GROUPS, AND OTHER CLUSTERS

e CLUSTERS ARE THE MOST DARK MATTER DOMINATED
REGIONS OF THE UNIVERSE. MOST OF THE MASS IN CLUSTERS
(~8090%) IS DARK MATTER, AND MOST OF THE REMAINING
MASS (BARYONS) IS IN THE FORM OF HOT GAS(~80-90%,).




GAUEXF.RH NSDERSSACRIMER

e CLUSTERS EVOLVE THROUGH GRAVITATIONAL COLLAPSE
OVER COSMIC TIME, AND ARISE FROM THE MOST EXTREME
MODERATE-SCALE FLUCTUATIONS IN THE EARLY UNIVERSE.

* CLUSTERS ARE MASSIVE (AND BRIGHT) OBJECTS WITH
UNIQUE OBSERVATIONAL SIGNATURES. DISTANT CLUSTERS
ARE NOT TRIVIAL TO DETECT AND CHARACTERIZE, BUT
REPRESENT UNIQUE SITES FOR STUDYING BOTH GALAXY
EVOLUTION AND COSMOLOGY.

e /ARIOUS CLUSTER SURVEYS HAVE RECENTLY PUSHED TO
REDSHIFTS BEYOND Z=1 (THOUGH CONFIRMED CLUSTERS AT
SUCH HIGH-Z ARE STILL MODEST IN NUMBER). NEAR-FUTURE
CLUSTER SURVEYS PROMISE TO GREATLY EXPAND THIS WORK.
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ClLUSTER RO SMADOGEY S IGONTENTS

IN THEORY WE BELIEVE THAT CLUSTERS .

e RELATIVELY LARGE AND REPRESENTATIVE CO-MOVING
VOLUMES IN THE EARLY UNIVERSE (E.G. WHITE ET AL. 1993)

e ARE SUFFICIENTLY MASSIVE THAT THERE IS AN INSIGNIFICANT

AMOUNT OF SPATIAL DIFFERENTIATION IN THE INITIAL
CONSTITUENTS (UNLIKE GALAXIES!)

ARE THESE STATEMENTS OBSERVATIONALLY SUPPORTED?




ClLUSTER RO SMADOGEY S IGONTENTS
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CARLBERG ET AL.(1997)

14 X-RAY SELECTED,
OPTICALLY STUDIED
CLUSTERS AT z~0.33

OBSERVED COMBINED
LIGHT PROFILE ( POINTS,
AND SOLID LINE ) TRACKS
THE COMBINED MASS
PROFILE ( DOTTED LINES
) VERY WELL.




ClLUSTER RO SMADOGEY S IGONTENTS

POINTECOUTEAU
ET AL. (2004)

[ 1 DETAILED STUDY OF

A TYPICAL LOW-Z
RELAXED CLUSTER

: , | | Aol 4 : -. .-
| Wmmmm llllllllﬂl%“}!:,.ﬁim:u:.:-~!- SHOWS THE F,. IS
N “ | ESSENTIALLY FLAT

WITH RADIUS

SIMILARLY, ALLEN
ET AL. (2002)




ClLUSTER RO SMADOGEY S IGONTENTS

THE APPARENT FACT THAT HOT GAS DOMINATES THE
CLUSTER BARYON CONTENT, AND THAT CLUSTERS TEND
TO A “UNIVERSAL” GAS FRACTION ALLOWS FOR A
SIMPLE COSMOLOGICAL TEST IN COMBINATION WITH AN
INDEPENDENTLY MEASURED VALUE OF €Q,, AS FIRST
HIGHLIGHTED BY WHITE & FRENK (1991)

ALLEN ET AL. 2002

using Q,h?=0.0205+-0.0018
yields Q,,=0.30+0.04-0.03

using Q,h?=0.020-0.025 (95%CL)
yields Q,,=0.29-0.37 +- (<0.03)
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ClLUSTER RO SMADOGEY S IGONTENTS

“THE MEAN DENSITY OF THE UNIVERSE IS EQUAL TO THE MASS
OF A LARGE CLUSTER DIVIDED BY THE CO-MOVING VOLUME IN
THE FIELD FROM WHICH THAT MASS ORIGINATED.”
CARLBERG ET AL. (1996) STUDIED 16 X-RAY SELECTED
CLUSTERS AT Z~0.33 AND ARGUED FOR Q,,=0.24+-0.04+-0.09

ARGUMENTS ALONG THE LINES ALSO HAVE DISSENTING
VOICES, NOTABLY BLANCHARD & DOUSPIS (2005) wWHO
ARGUE THAT THE “REPRESENTATIVE SAMPLE” PRESUMPTION IS
NOT WELL SUPPORTED...




€l L& SRIERGoANEDICRGM ONENGY

. RCS0224-0002 (GLADDERS ET
AL. 2001) AT z=0.77 AS
OBSERVED BY HST

ONE EXAMPLE OF RAPIDLY
GROWING SAMPLES OF
CLUSTER STRONG LENSES

THERE ARE MANY MORE
(RCS1,RCS-2,5DSS)
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€l L& SRIERGoANEDICRGM ONENGY

THE NUMBER OF CLUSTER STRONG LENSES TO A GIVEN FLUX
LIMIT IS A FUNCTION OF THE SOURCE POPULATION DETAILS
(OBSERVATIONALLY WELL CONSTRAINED) THE LENS
POPULATION, AND THE COSMOLOGY.

IN A SEQUENCE OF PAPERS IN THE MID-90’S, BARTELMANN
ET AL. DEVELOPED A PREDICTION FOR THE TOTAL NUMBER
OF ARCS EXPECTED IN VARIOUS BROAD COSMOLOGICAL
MODELS

SCDM 1 PER 1 100 SQUARE DEGREES
ACDM 1 PER 120 SQUARE DEGREES
OCDM 1 PER 20 SQUARE DEGREES
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€l L& SRIERGoANEDICRGM ONENGY

BUT, MORE RECENT WORK, TAKING ADVANTAGE OF
GREATER KNOWLEDGE OF THE SOURCE POPULATION, AND
MORE EXTENSIVE N-BODY SIMULATIONS, CLAIMS TO HAVE
RESOLVED THIS ORDER-OF-MAGNITUDE DISCREPANCY IN
ARC COUNTS IN ACDM MODELS (E.G. DALAL ET AL. 2004)

HOWEVER...
PREDICTIONS, REALITIES

THE REDSHIFT DISTRIBUTIONS DO
NOT AGREE. FITTING THE TOTAL
NUMBER OF ARCS OVER-PREDICTS
THE LOW-Z ARC POPULATION (EVEN
IN THE EARLY EMSS SAMPLE,
MARGINALLY, AND SIGNIFICANTLY
IN THE NEWER SAMPLES.)

0.4 .o
redshift




€l L& SRIERGoANEDICRGM ONENGY

ROGER BLANDFORD:
“WHAT IS THE LARGEST EINSTEIN RADIUS SO FAR OBSERVED?”

- ’ e !
L -

ABHIL1689,7=6.18 50%_ RCS-22?72+2222, 2=0.69 50",
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€l L& SRIERGoANEDICRGM ONENGY
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VERY LARGE SEPARATION
LENSES ARE LESS SENSITIVE
TO THE DETAILS OF THE LENS
MASS DISTRIBUTION!

E.G., LI & OSTRIKER (2005)




€l L& SRIERGoANEDICRGM ONENGY

EXTREME LENSING SYSTEM SUCH AS THESE PRESENT A DIRECT
TEST OF THE PROJECTED SURFACE MASS DISTRIBUTION IN THE
UNIVERSE WHICH IS RATHER INSENSITIVE TO THE SUBTLETIES OF
LENS STRUCTURAL PARAMETERS WHICH COMPLICATE (AND
EMPOWER) MORE DETAILED ANALYSES.

THEY ALSO TEND TO TAG THE MOST MASSIVE SYSTEMS. THIS NEW
RCS-2 CLUSTER HAS A MEASURED VELOCITY DISPERSION OF 16850
KM/ SEC! (FROM 58 MEMBERS).

INTERESTINGLY, AN INITIAL SZ OBSERVATION OF THIS CLUSTER BY
THE SZA DOES NOT INDICATE SUCH A MASSIVE SYSTEM.
OBSERVATIONS OPTICALLY SELECTED CLUSTERS OBSERVED IN X-
RAYS AND SZ ALSO SUGGEST A LOWERED GAS FRACTION IN AT
LEAST SOME SYSTEMS (HICKS ET AL. 2005) — DO WE CURRENTLY
HAVE A X-RAY BIASED WORLDVIEW?







ColstESadERCoAND GESMEX oY,

THE EVOLUTION OF THE NUMBER OF CLUSTERS AT A GIVEN MASS
AS A FUNCTION OF REDSHIFT IS IN PRINCIPLE AN EXQUISITELY
SENSITIVE TEST OF COSMOLOGY.

THIS IS BECAUSE THESE SYSTEMS ARISE FROM THE EXPONENTIAL
TAIL OF THE INITIAL PERTURBATIONS, AND ARE HENCE SENSITIVE
TO THE OVERALL SCALING OF THE INITIAL FLUCTUATION
SPECTRUM (0g) AND THE OVERALL MASS DENSITY (Q,,).

THIS “GROWTH OF STRUCTURE” SENSITIVITY [S FURTHER
COMPLEMENTED BY A SENSITIVITY TO THE EVOLUTION OF THE
CO-MOVING VOLUME ELEMENT. THE LATTER DOMINATES AT
LOWER REDSHIFT AND THE FORMER AT HIGHER REDSHIFT IN A
ACDM UNIVERSE AND ENABLES CLUSTER COUNTING AS A PROBE
OF DARK ENERGY.




A d=siooé\YM:

(c) Clustering+Shape

S (seXME Mo

LIMA & HU (2005)

REALISTIC
PREDICTIONS FOR
DARK ENERGY
CONSTRAINTS FROM
THE SOUTH POLE
TELESCOPE
( CARLSTROM ET AL.)

o(Q,W)=(0.02,0.11)

DOESN’T THIS
LOOK GREAT! (?)




ColstESadERCoAND GESMEX oY,

REALITY CHECK:

“CLUSTER COUNTING” COSMOLOGY TESTS HAVE BEEN
SUGGESTED FOR NEARLY 20 YEARS, STARTING WITH EVRARD
(1989).

A GREAT SWATH OF PAPERS HAVE BEEN PUBLISHED IN THE
INTERVENING TWO DECADES, OF BOTH THEORETICAL AND
OBSERVATIONAL FLAVOURS, AND ROBUST AND SIGNIFICANT
COSMOLOGICAL CONSTRAINTS HAVE BEEN LESS THAN OBVIOUS.

IN THE LAST 10 YEARS COMPUTED VALUES OF Og AND Q,, , BASED
PRINCIPALLY ON SMALL ROSAT X-RAY SELECTED CLUSTER
SAMPLES, HAVE RANGED FROM ~0.5-1.0, AND 0.2-0.9
(SOMETIMES EVEN WITH THE SAME DATA!)




ColstESadERCoAND GESMEX oY,

IS SOMETHING WRONG?

NOT REALLY NO...THE REQUIRED DATA (CLUSTERS, PREFERABLY
LARGE SAMPLES, WITH GOOD MASS AND REDSHIFT
MEASUREMENTS) HAVE BEEN DIFFICULT TO GATHER. IN RECENT
YEARS, MEASUREMENTS HAVE TENDED TO HIGH Og AND LOW Q,,

1.0
FLAT MODEL




ColstESadERCoAND GESMEX oY,

NEW SAMPLE, “MODERN” ANALYSIS:

THE RCS-1 CLUSTER SAMPLE CONTAINS ~ 1200 CLUSTERS WITH
WELL MEASURED RICHNESSES ABOVE A CONSERVATIVELY
CHOSEN RICHNESS AND SIGNIFICANCE THRESHOLD. WE HAVE
NEARLY COMPLETED AN INITIAL ANALYSIS OF THIS (ORDER OF
MAGNITUDE) LARGER CLUSTER SAMPLE IN THE CONTEXT OF A
FLAT W=-1 COSMOLOGY.

WE FIT FOR 5 PARAMETERS: O0g AND Q,,, AND THREE PARAMETERS
DESCRIBING THE SLOPE, INTERCEPT AND EVOLUTION OF THE
MASS-RICHNESS RELATION, USING A “SELF-CALIBRATION”
APPROACH (E.G. MAJUMDAR & MOHR 2004), WITH GAUSIAN
PRIORS ON n AND h.

THE INITIAL RESULTS ARE EXTREMELY ENCOURAGING!




SAdsirto M (SEXSMEH (o'

GLADDERS ET AL. (2005)

MEAN STD.DEV
@GN QEEEE 0.025
o 1.02 0.089

M=102R%(1+Z2)¥
9.49 0.32
1.85 O.11
0.48 O.19

A 9.95 ORS}S
o 1.64 0.28
(YEE & ELLINGSON 2003)







CONOIHFF @GNS COSMOLOGY

THE “BARYON FRACTION” TEST APPEARS TO WORK,
WITH SOME DISSENT. CAN THIS BE PUSHED FURTHER?
DO WE HAVE TO BE CONCERNED ABOUT THE
UNIVERSALITY OF THE GAS FRACTION?

CLUSTER STRONG LENSING MAKES LITTLE SENSE IN
DETAIL... ARE WE BEING PUSHED TO INVOKE NON-
GAUSSIANITY, OR CONSTRAINING DARK MATTER?

THERE IS HOPE THAT N(M,zZ) WILL LIVE UP TO ITS
(MOSTLY) THEORETICAL PROMISE. STAY TUNED...




