: IT from BIT, from BITs in IT, Studying the Cosm
Dick Bond Universe=System+Res =Data+ Theory en-TANGO-ment o
éy

Revealing Cosmic Information in Cluster/Group System ,, .
% 4.

CTI LA i 25) CITA = Cosmic Information Iheory & Analysis:
ICAT s X cliav) y X:Tan o

through the Sunyaev-Zeldovich Effect <.

T~

0" SN &
Compton upscattering of CMB photons gives a direct probe of the thermal energy of the gas in
gravitationally-collapsed nodes of the cosmic web, from the rarest clusters down to the typical
groups. | will talk about our current state of cluster theory in relation to SZ observations. In spite of
the long SZ history, it has only been in the last few years that ACT, Planck and SPT have delivered
an avalanche of impressive SZ detections that show this probe is now profoundly augmenting the
X-ray, optical galaxy and lensing signatures. To unravel the cosmic implications of the SZ data, the
complexity of the cosmic web's cluster/group patches must be understood, and this requires a large
program of gastrophysical simulations with energy/entropy feedback, with special attention to
cluster outskirts as well as deep interior, whose conclusions | will describe. Shannon entropy/
information ideas are used as a theme for this exploration of the non-equilibrium complexity of the
cluster/group system.

mocking observations of the cluster/gp system in the cosmic web SciNet
massive non-equilibrium rare events at high z ACT, SPT, Planck, interferometers, Mustang@GBT
3.80 direct detection: kinetic SZ effect of the moving hot gas in the cluster/group system ACTxBOSS

Thursday, 4 October, 12



Dick Bond CIFAR@CITA with CITA aka Cosmic Information Theory & Analysis
- Cluster Information from Compton Heating of the CMB: from Simplicity to Complexity

ddg/dt

primary anisotropies

elinear perturbations:
scalar/density, tensor/
gravity wave

* tightly-coupled
photon-baryon fluid:

9(13 SW dd/d

—_—

A

(19 Mpc)

17 kpc

Lsound/
Ksound

secondary
anisotropies dS/ dt>0

°n0nlinear
evolution

sweak lensing

ethermal SZ ° z—0

oscillations 6y Vy Ty Tkinetic S7 .
. Vi v
viscously damped od®D /dt Ba;;g;;an
: rior to
* polarization vy *dusty/radio D p%sterior
Dark galaxies, dGs _ via
» gravitational redshift likelihood
reionization [y NPRPRS
X ENWredshift  z 2~10 <0

dS/dt-o0

13.7-10%Gyrs
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fluctuations in the early universe “vacuum” grow to all cosmic web structure

from a ma S Gaussmn Random Field to-a. highly:non¢ RF

Slmplicuty to Complex:ty under Gra wty

: it W

density

Gadget-3 2%

SF+ SN g

winds B RERECIRGEMSERERUOR.  cramse ]
+CRS o g K : N e . . .hiajlan_‘+10

5123

BBPSS10

BBPS12,34,5 MERE A W PREST '.,.:. > . R
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pressure intermittency in the cosmic web, in cluster-group concentrations probed by tSZ

Secondary Anisotropies

~5 => ZCJS,A .T ~50 C;IS,‘213 OOS (tSZ, kSZ, WL, reion, CIB; hydro)
T, G Pe(,t)

011 Planck ~200 clust_e s, SP

o | 2o the thermal
, TR L., +7  Sunyaev
E ‘ P, Zeldovich
Probe
" yte =¥ yte
e R Compton
R ~ BT P cooling of hot
oo % cosmic web gas
= <AE,/E>
> =4Te</Mec?

Jy=orfp
- dline-of- SIgh?‘

LSRN DURR Y
: AR e 1))
x= hv/T,

“ " YA~ E¢tnh /IDA?
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pressure intermittency in the cosmic web, in cluster-group concentrations probed by tSZ

Secondary Anisotropies

~5 => ZCJS,A .T ~50 C;IS,.213 OOS (tSZ, kSZ, WL, reion, CIB; hydro)
N 3 G Pe(X,t)

o | _w* .. - the thermal
d AR ... -7 Sunyaev
4 o, Zeldovich

Probe

" yte =¥ yte

ot L4t -y Compton
_, SETE S W e A P cooling of hot
Q1 A e e ~cosmic web gas

011 Planck ~200 clusters, SP

Planck’s | I ; e <AE,/E>
Coma o e, %t > =4Te/Mec?
2012.08 _. R [0 S

oin10 | iy - : .Y =07 fpe
R ey ol U - dline-of-sight

-end-Bond@lAP 12.09.28 cita - AT/T=y *
£begin:Bond@IAS 12.10.04 sz - X+ DIe-1)-4),

x= hv/T,
Bond@APC 12.10.30.ACT?.. " Y~ E¢n /D2
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cosmic web of nearby'supg(rc_:.luste"rs' <500 Mly
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i cosmic web of nearby supergiysters < 1000 Mly
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brief history of understanding objects & their distribution in the cosmic web & the Sunyaev-Zeldovich Probe

- y‘"““ Wspage\omer space chicago apr 1984 from ITP84

ambient SZ in pancake model 88883 hdm ruled out by cIusters FDW83; SZ from clusters explosions,
superconductmg cosmic strings B88; ambient SZ pix B89

“clustered shots” (aka halos aka bbks86-peaks) = peak patches BM91-96, SZ/CIB was the target



brief history of understanding objects & their distribution in the cosmic web & the Sunyaev-Zeldovich Probe

— y—""' "'\inQer space outer épace chicago apr 1984 from ITP84
- —

AU e g "'
- o ) = o - - .
v/ AV =

cifar@05 mt tremblant, quebec: B - %
'g dangers of probing high peaks g 'f )
/;

- &

= l‘ . ‘A“‘(
ambient SZ in pancake model SBS83; hdm ruled out by clusters FDW83; SZ from clusters, explosions,
superconducting cosmic strings B88; ambient SZ pix B89

“clustered shots” (aka halos aka bbks86-peaks) = peak patches BM91-96, SZ/CIB was the target
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fluctuations in the early universe “vacuum” grow to all cosmic web structure

from a ma S Gaussmn Random Field to-a. highly:non¢ RF

Slmplicuty to Complex:ty under Gra wty

: it W

density
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fluctuations in the early universe “vacuum” grow to all cosmic web structure

- from a maxS Gaussmn Random Fleld to.a hghly nOhG RF‘ _
Slmpllcuty to Complex:ty under Grawty g

A

=>.CoSr IC eb. a tldal/stram tensor map-
peak- patches A >100, inpi<p> >2, clusters at z ~0-1
are the rare “events” in the medium = "intermittency”

the peak-patches give accurate mass, binding energy, & LSS. BE /DM’ pressure patches
initial tidal tensors of the patches orient the web

filaments: A ~5-10, inp/<p> >2, bridge clusters, groups bead te
bridges 2-peak constraint of nearly-aligned tidal tensors => strong bridges
membranes: A ~ 2, inpi<p> >1/2, intra-filament webbing

3,4,...-peak constraint of “clustering patches’ aka superclusters ~ shear-patches
void-patches: A < 0.1 inp/<p>-minima, exact obverse of peak-patches
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filaments

2 point

of Filaments.& “

clusters
z~0-1+ membranes
~1 015 Msu + po’n
—————————————————v—— ——r—————7——— | ﬂ 4
galaxies
ITMpc 2MPC  qpne  z~2-5 1

3.6 Mpc ~10"-5 Msun
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density field reconstruction of the filtered web
rank-order peak/void-patches(M) minimum info
LSS convergence as Npatch increases

InformationQuality: clusters encode the web
interior and high resolution spatial detail <=> more info

J N o 5

initial state 'ébéce findl state ",'épace

(ak_a Lagrangian) (aka Eulerian)

filaments

2 point

-

membranes
3+ poin

13
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Delta T over Tea Toronto May 1987 first dedicated CMB conference, exptalists
+theorists, primary+secondary DT/T
e very small angle anisotropies - VLA results(secondary fi
effect, (Pimeval dust emission) and(fadio sources)
e small angle anisotropies - current results, optimal measuring strategies, statistical methods for
+ effect of energy injection / explosions on LSS- a big pre-COBE forecast issue = feedback

bond@ AT/Tea87: “clustered shots” (aka halos aka bbks86-peaks) with spherical pressure profiles -
via binding energy (not mass) but beta-profiles with core scaling and old X-ray beta’s

BUT spherical collapse - foo many cls & non-dynamical masses - high M’s too low

= peak patches BM91-96 tidal fields - virial mass from homogeneous ellipsoid dynamics,
accuratecluster positions, masses, binding energies, clustering => cosmic web

T A T et
-~ . B0 e 2" 7

e..g, application to Planck sims 90s, CBI, AMIBA, ..

constrained supercluster treePM-SPH sim of ACDM +cooling: largest k-range
of its time (>> Virgo sim) SZ in supercls may give us the outskirts of cls & gps,

not filaments (unless 1 large gas E-outflows) B+Kofman+Pogosyan+Wadsley 97/99

painting halos with analytic Ysz & pressure form factors 2002-12 cf.
o SPH-hydro (Gadget/Gasoline, MvH, ENzO, ART, RAMESES 2001-12; ITP cl test

o 96-00): discrepancy 2002+: big issue was/is: A 500 to 20, non-thermal KE/Eth

What sort of objects in the cosmic web dominate the SZ effect?

Ac.t= 200, 120, 60, 20 then convergence, pick up far-field of clusters and
groups,+ a little into filaments (unless 3 large gas E-outflows into filaments)

What is the redshift range that contributes to the SZ effect?

all from 0 to ~2 half <C.52>3000 from z>0.5 & M<3x104 M, h-1
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CBI pol to Apr’o5 @chie CB|2
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CBI pol to Apr’o5 @chie CB|2
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2005 2007 224 (>=750 502 sq deg =>91 in 952 deg? 0.1<z<1.3
ACbar@SP AMIBA SPT 100% purity for S/N>5. 60% > 4.5
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the Planck Collaboration, including individuals from more
than 50 scientific institutes in Europe, the USA and Canada
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Cosmology From 17,000 Feet:

Results From the Atacama Cosmology Telescope

BOLIVIA

" PARAGUAY

>
*5
-
a
.T
o
* e
-~
«
-
-

@mml ¢ @MI@?@ """ Ol

CMB@CITA: Boomerang, Achar, CBI1,2, WMAP, Planck, ACT, Spider, Blast, & ACTpol, ABS, QUIET?2;
GBT-Mustang2, CARMA/SZA, SCUBA2, ALMA, CCAT. CMB@CIFAR: these + APEX , SPT, SPTpol, EBEX
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end observing 2011: ACT completed 3 full seasons, over ~1300 deg?, maps@CITA.
next step is ACTpol

BOSS-5GC
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end observing 2011: ACT completed 3 full seasons, over ~1300 deg?, maps@CITA.
next step is ACTpol >= 2013

2007 2008 200942010 Seripe 82

2008 ACT Stripe from Marriage et al. (201 1)

El Gordo

S 50°
o
S 520
g -o4°
A -56°
07" 06" 05" 04" 03" 02" 01"
Felipe Menanteau R.A. (J2000) Growing up at High-z, Sep 12, 2012
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Simulate’ ‘ om uItra-earI; beginnings to ultimate end
turning 6 parameter LCDM Into Petabits. Fields on a lattice
N YT I Gl g N CE Tl o110 (T4 o1 o) mevolution for primary CMB, pure N

body, Gastrophysical complexity, feedback} ock data

Process compressing the Petabit+ ra )bserved CMB+LSS
information into high quality bits. ACT_maps ~ /1 XA LT
solve for 10" params from >10'2data pts

-

Sciﬂét @UofT:

GPC: 3780 nehalem nodes=30240 cores
306 TFlops debut as #16 in Top500

TCS: 104 P6 nodes=3328 cores
60 TFlops debut as #53 in Top500 ->80

1.4 Pbytes storage




ITA-SZ with feedback: Battaglia, Bond, Pfrommer, Sievers & Sijacki 2010, BBPS 2011-12 1,2,3,4,5

for ACT+SPT+Planck +.. urgent to show the cluster-theory-variance as effects are added
07 goal large treePM-sph sims (~1000° gas+DM)-NOT 08-12 goal 5123 & 256° & single-hi-res-cls

SNOCK heat only “adiabaticC; cool+SN E; cool + SN E + winds; COOI T+ SN E-feedback
+ winds + CRs from cluster shocks;
but because of core overcooling and overproduction of stars, needed a subgrid
model of AGN/starburst feedback in halo cores, calibrated with the (small mass) cluster-BH
calculations of Sijacki (with Springel, Pfrommer, ...). Feedback is the essence of Gastrophysical
Cosmology. Energy/Momentum driven winds, Relativistic injection.

full Sijacki-resolution was/is ~ infeasible for single massive clusters, and certainly strongly
infeasible for big-box statistically useful samples, & also itself is just a subgrid model hence our
exploratory subgrid BH/Starburst feedback model

eedback * cool + SN E + winds: AEj;j~ €At SFR over Racn in halo
centre, episodic above a SFR threshold, &ef<¢: most Eisjabove z=2, so

much freedom to minimize &eff e.g., Einj58% at z> 2, 23% in 1 < z < 2 19% z<1
TBD: momentum feedback, relativistic enerqy/oressure feedback (magnetic fields, cosmic rays)

conclusion circa 2012: A universal panacea to cure cluster cores: highly inhomogeneous,
episodic & cluster-history-dependent. if observables are overly sensitive, then we become gastrophysical
weather reporters and not cosmological gold-sample miners delivering pure cosmic parameters. BUT most
relevant tSZ-region ~0.5R500 to ~3R200 = different non-thermal problems: kinetic pressure aka

turbulence/internal-bulk-flows, pressure/density clumping, asphericity, ... but we need
hydrodynamically-reasonable inner cores hence subgrid feedback (beware of cutouts of overcooled cores)
“every cluster is a Bullet cluster” - or was a bullet in its past, el Gordo, A520, ...
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fluctuations in the early universe “vacuum” grow to all cosmic web structure

|
5

BBPSS10  BBPS12345 pg(X,t)
| Hydro Sims include all effects -except of course S8 evolve
| those not included ' a~1 from earl
PR (10+10+20 256° SPH gas+DM) % 4 U vacuu
400 S (14141 5123 gas+DM) ACDM + ... R potential
g " =>Thou Shalt Mock Analytic and semi-analytic | and
ACDM SRS treatments cannot intuit the complexity & must be fully & vacuum
Whaps ikl g calibrated with sims for a useful phenomenology R noise
gas M turbulent internal bulk flows, in the
. asphericity, Al presence
density | clumping of density & pressure, of late U
Gadget3 SRS cosmic web far-field connection thru filaments, vacuum
SF+ SN IS FEEDBACK of Entropy& Energy & Momentum G potential
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winds EEES LT L e
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Compton-y map: “adiabatic”

= formation shock entropy from gravitational accretion only
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Compton-y map: Feedback

= AGN or Starburst E-feedback + radiative cool + SN energy + wind + (CR)

107

10°
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Adiabatic - Feedback
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pressure intermittency in the cosmic web, in cluster-group concentrations probed by tSZ

Secondary Anisotropies
(tSZ, kSZ, WL, reion, CIB; hydro)

011 Planck ~200 clusters, SPT ~50 =>224¢ls, ACT ~50 cls;.2013.1,003 .

I CLJ019‘2-4:915, 'Z'=o.al;7// pe(x,t) |

I e «\' HSB comeced T T e e W

I e Amaud ct. al. 2010 (REXCESS)
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pressure intermittency in the cosmic web, in cluster-group concentrations probed by tSZ

Secondary Anisotropies
(tSZ, kSZ, WL, reion, CIB; hydro)

011 Planck ~200 clusters, SPT ~50 =>224¢ls, ACT ~50 cfs;.2013‘1,005 .

. CL J0102-4915, 7=0.87Q t
e . vk Pe(X,t)
- w 0. HSE corrected 1 : % R e TR T g :
e AGN feedback / 2
e Am ! t, al. 2010 (REXCESS) |
}

’
\I.xm.ng'c etal. 2011 (ACT) . 3 ¢<+
0%~ ® Andersson et el. 2010 (SPT) o
: e Planck Collaboration 2011

b 3:“\:

107k

| - laers etGerdo‘z-OiBT
10° Y octh.erm.al energy .(massa-,-) | | +'%X61*GJ§Msun,T'-—\14r5keV

10" 10" v
Moo | Mg ] T

7 - Sy o smgle cIUSter;
to get cosmological M .
parameters from Cosmic Parameters from ncl( Z) f

: ncl(Y(M) Z) & 9 confirmed clusters (Sehgal+10) using

Ao g ) § eof. § @ vl fjo 9. §- _§_ 0§ ofy § § |
[ Mpc® ] E(2)

cluster abundances => mass calibration

still too uncertain (e.g. 08=0.8210.05 to
C tSZ kSZ 0.85+0.12). attempt at Dark Energy

equation of state, but little leverage = -

exity. 3 SPT similar results with ~20 clusters penson+12 DS
eqwres full “mocking” BN} 15 carefully chosen cl =~ 5

N ACT Hasselfeld+12 15 carefully chosen cls  JPA Z=0.895';'

.- simulations
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Bond@2004, Second Planck Symposium, Orsay, France, January, The CMB Landscape circa 2008: Mocking Forecasts

in praise of mocking the cluster/gp system i

increasing sophistication: Monte Carlo selections, contamination of probes, n¢i (what’s happening,
Mass++ ), & ... MC mock-observations & systematics, end-to-end sims a la CMB expts

cluster near, intermediate (> r500) & far (>r200) field
internal bulk flows aka turbulence

ratty edges from filament inflow
anisotropy # spherical
line of sight contaminants for cylindrical measures
clumping, subhalos, ...
radio galaxies / AGN / BCG inside
other galaxies inside
background galaxies
short distance complexities in a coarse-grained world (e.g., unstable multiphase cooling cores)

KITP2011@Monsters Inc: movement in this direction, e.g., ACT, Planck, SPT, DES, X..., an industry arises, Mockers Inc.
need: fast + numerous MC, but informed by high res full simulations e.g., ACT=>ACTpol
beware, although DM-dominated the gas/stars are - of course - highly biased inside the

clusters, painting/splattering dark matter halo potential wells (e.g., pe(SPN(X)) can
never be accurate; e.g., pressure clumping, DM ellipticity > gas ellipticity
Thursday, 4 October, 12




scaled Pressure+ profiles: din Ew(<r)/dInr

& cluster ENTROPIES:
coarse-grained information

In pth & In pg & IN Pdm & Pdm+g
sx~ Te Ipg?? & sth ~3Y7/2 In sx

but it is Ptot in the virial equation
(& Sth+kin+c|umping+anisotropy)

GNFW-fit(M,z) accuracy <10%

extends Arnaud universal profile

(10+10+20 256° gas+DM) - i

(14141 512% gas+DM) ACDM |

sphericalize-scale-stack cluster

profiles, with Ysz weighting, also M = .

& z bins. o 0.010F - AGN feedback, = 0 E
S

for fast MCMC C.%cosmic & S

internal-cl parameters) with nonG ik 10 Mo 1574 10° Mo

statistics a la peak patch or .. ) & o =

includes all non-th & non-eq effects = *°F <

better to rotate-into-principal-axes - § ST

scale-stack profiles «f r /[R200 **

0.1 1.0 BBPS2
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scaled Pressure+ profiles: din Ew(<r)/dInr

sx~ Te Ipg?? & sth ~3Y7/2 In sx

but it is Ptot in the virial equation
(& Sth+kin+c|umping+anisotropy)

(10+10+20 256° gas+DM)

(1+1+1 512° gas+DM) ACDM
sphericalize-scale-stack cluster
profiles, with Ysz weighting, also M
& z bins.

for fast MCMC C.5¢(cosmic &
internal-cl parameters) with nonG
statistics a la peak patch or ..
includes all non-th & non-eq effects
better to rotate-into-principal-axes -
scale-stack profiles

In pth & In pg & IN Pdm & Pdm+g

Pyl Py (r/Ry )

0.100 ¢

0.001 ¥
20

— 0

AP, | %

+ 0.010

& cluster ENTROPIES:
coarse-grained information

GNFW-fit(M,z) accuracy <10%

extends Arnaud universal profile

.. Modified GNFW fit

I'/RZOO 33 _ %]
10 BBPS2

0.1
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|3 U cU clodl PIE c PIOTHE c U 0 cdl C v OITd
2 1[:'?;_""'” ! LI
10 T T T T T T 1717 T T T T T TT] T T 1D1 E_ Coma B
62 nearby massive cls  Planck Hata 1 g
o
101 a 10° g— S
1
g 17F 2
E; -2
S 10° =0T
§ 107%F
c:.8 |
~ 10—1 1071 E Average simulations
(o N 3 F  ——— BO (Borgoni et al, 2004)
- Planck 16'5;—. S ﬁ fvﬁ é:rlﬂﬁglgijﬂj::?:?;r}nini: 2008)
- XMM-Newton 0.1 1.0
10°E possn07+P08 ; Racius (Ruco)
= Dolag etal. 2012 3X-ray “universal pressure
103L Battaglia et al. (2011) Jprofile” (Arnaud+10) fails >Rsqo
| |
g 3 "3BBPss11, BBPS12 AGN feedback
r 2 -Jpressure profiles fit > Rsoo SZ
& - -Jdata better than other hydro
j 3 “3sims. nearly “universal”(M,z)
0.0 pressure clumping

Rso0 7 3 Rsoo =>8p/p ~0.2 1 ~1
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2D pressure exact vs. fit © pressure sub-structure

N

50 I 100 50 ) 50 100

Same cluster (pasted on GNFW according to mass)
@ 30 GHz, z = 0.05 Mass ~10*> M_

n
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2D pressure exact vs. fit © pressure sub-structure
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Hydro Sims include all effects -except of course [ |
those not included AT :jilihilf)k"f\-i: “ M., <31x10"M
(10+10+20 2563 SPH gas+DM) Sr 10 Mo< Ma, < 10X 10 M,
(14#1+1 5123 gas+DM) ACDM + ... ‘. - ¢/al

=> Thou Shalt Mock Analytic and semi-analytic
treatments cannot intuit these & must be fully

calibrated with sims for a useful phenomenology

non-thermal/non-equilibrium effects:
Summary: the running with r/R2o0

aka resolution (e.g., dIn Ex(<r)/dIn r)

of effects influencing Yszsoo(IM) &
CL'SZ for low & high M @ z=0, 1

. AGN feedback, z =1

= LOX 10" Mg M, <31 x 10" M,
3 x 10" Moe M. < 1.0x 10" M.
P IP,

turbulent internal bulk flows Pxin/Ptn
asphericity 1-¢/a gas cf. DM ,
clumping of density & pressure (!) -
Cp2'2-1 = sqrt[<ptn>/<ptn>2]-1

aka Renyi entropy of order 2

$)

not small @ < Rsoo S
huge @ < R200 < Rvir < RSZboundary ol ="
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CBI pol to Apr’o5 @chie CB|2

QUaD @sP

Planck09.4
52+ bolometers .
+ HEMTs @L2 4
9 frequencies i
WMAP @L2 to 2010
201
2004 2006 2008 LHC Bpo
2005 2007 SPT 2009 @L2
Acbargspr AMIBA 1500 bolos &/
%\{ﬁ ~1 blind S Cal @SPOIC i
o L g NS
array ‘“* - 3000 bolos LY e
AM| " 3 freqs @Chile SPTpOl
N APEX _. ~4 ACTpo
80590 "o ~400 bolos@Chile ¢
e s "i‘ &/ SCUBA2 ALMA
OVRO GBT Mustang - 12000 bolos CCAT@cChile

JCMT @Hawaii | MT@Mexico
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pressure intermittency in the cosmic web, in cluster-group concentrations probed by tSZ

Secondary Anisotropies
(tSZ, kSZ, WL, reion, CIB; hydro)

;20131000 [FEmEmm
.. i CLJ01-(%)2—4.915, z=087 p(x,t) |

4 0, HSE comrected
o AGN feadback
e Amaud ct. al. 2010 (REXCESS)
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e Planck Collaboration 2011 +
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kin~Egrav/2

g e gv § § o § B vi=~.fs 9 - § 5 B of% 8 &N |
[\lp\WII(IV :

observed 'si.n'gle_‘élujst"ei';

10+

2) at 150GHz [uK?]

half <CL>3000 from z>0.5 |
( & M<3x104 M, h CL“'!'_ZQG Z—O 89#
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. U o .U U .
All clusters:
‘js Y T T T T
"™ [ AGN feedback,z=0
[ — 10x 10 Mg<My, <3.1x 107 My
oL — 31x 10" Mg<M,, <10x 107 Mg

— S e

llIlllll

Illlllllllllll

lllllllllll

bbps3 sims cf.

r/ Ry,

growing collection of Suzaku clusters, consisting of PKS0745-
191 (George et al. 2009), Abell 1795 (Bautz et al. 2009), Abell
2204 (Reiprich et al. 2009), Abell 1413 (Hoshino et al. 2010),
Abell 1689 (Kawaharada et al. 2010), Abell 2142 (Akamatsu
et al. 2011), Perseus (Simionescu et al. 2011), a fossil group
RX J1159+5531 (Humphrey et al. 2012), Abell 2029 (Walker
et al. 2012), and Hydra A (Sato et al. 2012).

relaxed = third lowest in K/U

Relaxed clusters

25
= AGN ok 1«0
—_— 10 10" M < M <31 a 10

10" M,
—_— 10N M <102 10" M,

20 ¥
— Ly Pl

d R ’ 3
= o o Sty N 3
Y
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o

‘(lj
- 02

3 ————
6 0 ez e s g e
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Dick Bond CIFAR@CITA with CITA aka Cosmic Information Theory & Analysis
- Cluster Information from Compton Heating of the CMB: from Simplicity to Complexity

ddg/dt

primary anisotropies

elinear perturbations:
scalar/density, tensor/
gravity wave

* tightly-coupled
photon-baryon fluid:

9(13 SW dd/d

—_—

A

(19 Mpc)

17 kpc

Lsound/
Ksound

secondary
anisotropies dS/ dt>0

°n0nlinear
evolution

sweak lensing

ethermal SZ ° z—0

oscillations 6y Vy Ty Tkinetic S7 .
. Vi v
viscously damped od®D /dt Ba;;g;;an
: rior to
* polarization vy *dusty/radio D p%sterior
Dark galaxies, dGs _ via
» gravitational redshift likelihood
reionization [y NPRPRS
X ENWredshift  z 2~10 <0

dS/dt-o0

13.7-10%Gyrs
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dS/dt 2 9 oconde Arstropes
how most of the entropy

in baryons & dark matter
was generated

train waves break => clusters/groups (galaxies/dwarfs) in the
cosmic web collapse => shocked gas & extreme nonlinear
phase space entanglement of dark matter / stars

then the baryons feed back entropy: exploding stars,
accreting black holes, dusty CIB radiation
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dS/dt 2 9 oconde Arstropes
how most of the entropy

in baryons & dark matter
was generated

train waves break => clusters/groups (galaxies/dwarfs) in the
cosmic web collapse => shocked gas & extreme nonlinear
phase space entanglement of dark matter / stars

then the baryons feed back entropy: exploding stars,
accreting black holes, dusty CIB radiation

Learning the Cluster Tango  Cosmic Hydro Sims include all effects -

H‘« Sth.cl ~1 076 except of course those not included Thou Shalt Mock
’ 88.6 (10+10+20 256° SPH gas+DM)

~10™™ (14141 5123 gas+DM) ACDM + ...

cf. SU,m+r

(nr Sackur-Tetrode: As =1.2Tr In <APjj [p>+In p™' (+clumping+anisotropy..)

fine-macro-small-grain 108 baryons in cubic metres cf. sph--macro-large- grain 109 baryons. ~26 dims per sph-grain, huge
dimensional reduction, scaled-radial-resolution-grain further dim reduction. entanglement of fine & coarse & EFT. feedback.
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fluctuations in the early universe “vacuum” grow to all cosmic web structure

from a ma S Gaussmn Random Field to-a. highly:non¢ RF

Slmplicuty to Complex:ty under Gra wty

: it W

density

Gadget-3 2%

SF+ SN g

winds B RERECIRGEMSERERUOR.  cramse ]
+CRS o g K : N e . . .hiajlan_‘+10

5123

BBPSS10

BBPS12,34,5 MERE A W PREST '.,.:. > . R
. i -JAL,IJLLJJ_LL&LJ#I_LLM_ :
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entropy intermittency in the cosmic web, via gravitation-induced shocks (then E/S-feedback)

Secondary Anisotropies
(tSZ, kSZ, WL, reion, CIB; hydro)

ASgas,th =30 Yo %, b = Shb,th(X,t)

CMB gets

A 2 | . - ol 3 entangled
400 ’ - ' Y in the

Mpc | cosmic web

ACDM g ] descending into
‘ . the real

WMAP5 %, Al gastrophysics
as o WS CrRe ' v A of cosmic
J e . ' weather

pressure
7 - G § the energetic,
Gadget-3 . ' - turbulegnt
SF+ | : N dissipative,
SN E+ | yi A - B  COmpressive

winds ' -
: life of the
+CRs B - . A - 8 IGM/ICM/ISM

5120 Fatet. N ¢ e T ey
' < z’“f' '.s}' %

4 Aa~;

BBPSS10

BBPS1,2,34,5 - Y = ’ .,Jan
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entropy intermittency in the cosmic web, via gravitation-induced shocks (then E/S-feedback)

QASgas,th =10

400
Mpc

NCDM
WMAPS5

gas
pressure

Gadget-3
SF+
SN E+
winds
+CRs

5123

BBPSS10
BBPS1,2,34,5

Thursday, 4 October, 12

Secondary Anisotropies
(tSZ, kSZ, WL, reion, CIB; hydro)

Sb,th(X,t)

CMB gets
entangled
in the

cosmic web

descending into
the real
gastrophysics
of cosmic
weather

the energetic,
turbulent,
dissipative,

compressive

life of the
IGM/ICM/ISI\/I

BT 4 S
"“.'* 'f;" > "‘f' Y

ol

o -

’uﬂ

"4_, __"A"' . 4 | P

»
ANiw




entropy intermittency in the cosmic web, via gravitation-induced shocks (then E/S-feedback)

400
Mpc

NCDM
WMAPS5

gas
pressure

Gadget-3
SF+
SN E+
winds
+CRs

5123

BBPSS10
BBPS1,2,34,5

QASgas,th = 30

Entropy-per-gas-baryon

Asgas,cluster =

3 In X ~12bits/b +
1 bit/b non-thermal

Pkin [Pth~0.1-0.6!

zero point Sth,0 ~ 130 nats
~ 190 bhits/baryon

'1|1|||".|
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AEntropy per gas-baryon

Secondary Anisotropies
(tSZ, kSZ, WL, reion, CIB; hydro)

Sb,th(x,t)

CMB gets
entangled
in the
cosmic web

. AGN feedback,z=0
Thermal

| — Thermal + Kinetic

L 11x 10" Mg< My, < 1.7x 10" M4
1.7x 10" Mg< My, <2.7 x 10 M,
2.7 x 10" Mg< My, <42 x 10" Mg
42x 10" Mg< My, <6.5x 10" M,
[ 6.5x 10" Mg< M, < 1.01 x 10" Mg
T 101 x 10" Mg< My, < 1.57 x 10"° M,

X A

r/ Ry




entropy intermittency in the cosmic web, via gravitation-induced shocks (then E/S-feedback)

QASgas,th = 30

400 -

MpC Entropy-per-gas-baryon
ACDM AsSgascluster=
WMAP5 3 In X ~12bits/b +

1 bit/b non-thermal

gas -

pressure Piin /Ptn~0.1-0.6!
CEl[IXE- - zero point Sth,0 ~ 130 nats

SF+ ~ 190 bits/baryon
SN E+ _
wg\ds Sth,c1 ~107

+CRs ~ :
- Su,ms+r~1088° 5.2 bits/y

5123 ot -

ot Sm~1.4 bits/baryon atmosphere
BBPSS10 after CMB+CvB, most S ',.m+r

is CIB = the waste heat ffom
EELSPEEAT dust re-emission of starlight

1 | | ] | | | | | 1
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AEntropy per gas-baryon

Secondary Anisotropies

(tSZ, kSZ, WL, reion, CIB; hydro)

Sb,th(x,t)

CMB gets
entangled

in the

cosmic web

N
T

\)
T

X A

. AGN feedback,z=0
_ — Thermal

| — Thermal + Kinetic

L 11x 10" Mg< My, < 1.7x 10" M4
1.7x 10" Mg< My, <2.7 x 10 M,
2.7 x 10" Mg< My, <42 x 10" Mg
42x 10" Mg< My, <6.5x 10" M,
[ 6.5x 10" Mg< M, < 1.01 x 10" Mg
T 101 x 10" Mg< My, < 1.57 x 10"° M,

r/ Ry




entropy intermittency in the cosmic web, via gravitation-induced shocks (then E/S-feedback)

Secondary Anisotropies
(tSZ, kSZ, WL, reion, CIB; hydro)

N\Sgas,th = 30 | o 2 5.1 .
Jd S - X N sb,th(x,t)
CMB gets
entangled
|<r/|00 Entr.opy per-gas-baryon | | In the
pC N cosmic web
/\CDM ’ Asgas,cluster ~ oo mslo e;~selfi-73irl177ilf”¢r r%dial itrkfall %arvarror "
WMAPS 3 In X ~12bits/b + - Io going ylsey-|fv 1% Iaosl af/el I.S(.a | opy grow; Iaw
qas 1 bit/b non-thermal " AGN feedback. 220 | *
' . | — DM Kinle4tic )
pressure Pin /Pn~0.1-0.6! AT LT 0 MO S0 X 104 M
. ~ - 2.7x 10" Mg < M, < 2% x 10" Mg
- 42x 10" Mg< My, <6.5x 10" M
Gadget-3 S x 104 MO <M <101 x 107 M,
SF.|. 2l —— 101 x10° Mg< M,y < 1.57x 10 Mg

S\W=Eal = Entropy-per-dark-matter

winds ASdm

AEntropy per DM

+CRs H& ASdm,halo
~7 bits DM * ) ~
| 2 / 15/8 TR TR |
beyond NFW . 500
BBPSS10 - 4L . . L
BBPS1’2’3’4,5 - TR o r/RZOO Ho
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Universal Entropy Profile?

evidence for relaxed cool core clusters Walker, Fabian, Sanders, George 2012

O A1689
A2029
OA2142
Hydra A
0 Perseus
1 PKS 0745
OA1835
A A2204
A A1795
Virgo
AAT413

AEntropy per gas-baryon

r/T200

1.0

S | Y v Y Y Y Y TrT v ~
b 2 o
+

6 |- AGN feedback,z =0 o
. — Relaxed ]
- - All

e 42x lO“M,(Mm<65x IO“M,

— Walkeretal. 2012
Walker et al. 2012 fit

X

P8

[ Voit et al. 2005
2 —
0 —
2 :

! R,

N
-4 . 1

0.1 1.0
r/ Ry

Walker+ form ASgas,clusterz 3InX'XZIB, B a flt

of. Allison+11,12 o< In (1+X?/Xs.core?) used in CMB

interferometry analysis
53
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s

kietic Z:

AT/T=Ine Ve|| /c OT dlos

~ f_le .dr

spectrally degenerate with primary anisotropies
__JKSZ(6,0)dQ ~ MgasVbuik /DA
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Compton-y map: Feedback

= AGN or Starburst E-feedback + radiative cool + SN energy + wind + (CR)

107

10°
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Feedback

kinetic SZ map (log)
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J

ietic Z:
AT/T=Ine Ve|| /c OT dlos

~ [Je . dr o
spectrally degenerate with primary anisotropies

L kaZ(G,cp)dQ ~ Mgasvbulk /DA2

ACT x BOSS direct detection of the kSZ effect:
Hand+ 2012 arXiv/1203.4219 i.e. Mar 20

<AT ng > using 7,500 brightest of 27291 luminous BOSS
galaxies 220 sq deg overlap with ACT equatorial strip 3x110 sq
deg 2008-10 data. <z>~0.5.

"Like any theoretical scientist proposing an observational
effect, | was dreaming for almost 40 years that it would be
discovered 'in the next several years,™ Sunyaev said. "It's
extremely elegant that the authors were able to choose the
most interesting groups of galaxies using the SDSS-Ill results."
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10— r———T—T— T
0.5
0.0
-0.5
2 :12 i detection .at 3.8 sigma from O
S level consistent with LCDM
&2_2'00 20 40 60 80 100 120 140
1.0 T T T T T T T
o.o-"1117111111
-1.0 A Eando.mizeql . . . .

0 20 40 60 80 100 120 140
Comoving Separation (Mpc)

Dpair ("') =

kinetic SZ map (log): Feedback

= AGN or Starburst E-feedback + radiative cool + SN energy + wind + (CR)

pair-wise velocities (momenta) statistic from ACT x Opt-Cls/Gps ~BOSS briaht galaxies

> ici(Pi- T —pj - Fj)ci;

3 £, +1%;  (r;—7;)(1+cosf)

2 2\/7-2.2 + 12— 2175 cosf

Thursday, 4 October, 12



Synergy between Clusters & other cosmological probes bond@KITP11
Ncluster(Mhaio|Z) or Neluster

| z, gold-sample, thresholds)

+ CLSZ(CUtS) +§CC(r‘ncl) +fgas
deliver valuable cosmic gastrophysics.
will cis defiver fundamental physics

dark energy EOS?? Og even? primordial non-Gaussianity???
theory/obs dispersion/systematics assessment is critical. robust measures

cluster/gp system used since 80s: Xtra power {cc Cog => XCDM, x=/\
Ppp(k~1/4h'1MpC) aka Og via N¢| fgas ... ready for prime time? mock-ing!!
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