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Heating in the IGM:
hydrogen reionization

O Whew did it happen?
O How fast was retonization?
O what was the topology of retonization?

0O what were the sources respowsiloLe?

Freld Ls driven primariLg bg observations




The argument from people power:
t’s the last tume that baryons did anything
together en masse....after that they all did their
oW tla'w\,g.




Heating twn the ICM
O How can we understand the characteristie
mass scale L* for galaxies?

O wh Y haven't most collapsed bargows turned to
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- How neutral is the

| |
1% - e [

= J1148+5251

‘Universe at z~6?

- J1030+0524

E J1623+3112

Best probe: Ly serLes

E J1048+4637

N

—r
T

absorp’ciow seen tn 19

- J1250+3130 z=6

SPSS RS0s with

574 <z < 6.42

' !
E J1335+3533 z=5.95

= J1411+1217 2=5.93

F U0840+5624 z=5 85

Saturated absorperz

E J0005-0006 7z=5.85

. :
J1436+5007 z=5.83

can only probe tail end

of retonization




End of reionization?
claimed sharp tncrease
i optical depth and
scatter

Faw et al o6




...but |t' really hard to infer
neutral fraction...

TransSmLSSLOn maing
due to rare volds

Most H at higher
overdenstities
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cautilon: compariwg
different Lyman series
on absolute scale ts hard




...and hlghly dependent on |
assumed density PDF

Evolution can be
4 explained if assume
Lognormal PDF

Becker, Rauch § Sargent 2006



HAVE WE SEEN PATCHY
REIONIZATION?

L

Flux [10'18 erg cm'2s°1A'1]

‘rl [| |] Lyman Alpha

Wavelength
84'00 : 86_ 0

SDSS J1030+0524

| ‘| ‘l" Lyman Beta H ‘

8600

SDSS J1148+5251

Lyman Beta

5.90 6.00 6.10

White et al 2003

Redshift

There’s a lot of
sight-line to

sight-line scatter
in QSO
absorption
spectra. Order
unity fluctuations

on LARGE
(60-100 Mpc

comoving) scales




But it is VERY hard fto
see patchy reionization...

Lidz, Oh & Furlanetto 2006

—— 2=6.0, <F>=0.01
— 2=0.7, <F>=0.06
— 2z=3.3, <F>=0.13

Simulate 40 Mpc S
h™-1 box =
Flux power

spectrum declines
slowly with scale




Aliasing boosts power
on large scales

af4(k). a54(k)

Bias increases
amplitude of
fluctuations




Uniform Radiation Field is
consistent w/ observed
scatter...

z=6.0, <F>=0.01
z=5.7, <F>=0.08
2=5.3, <F>=0.13
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"There are more thlngs’rn heavené d earth

s
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Horatio, Than are dreamt”of in yqur phllosophy

-—Hamlet (Act I Scene V)
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21 cm observations W|II
revolutlonlze the field

o See 21cm emission from
IGM L absorption or
emLssion against CMB

s COUPLE S‘PLV\, and kinetic

100

temperatures bg collistons
“ or Wouthugsew—FieLd effect

40

, " Probe both Park Ages and
Kuhlen § Madau 06 FLrst Lig ht




PAPER-USA/Australla

GMRT-——India

MW A---Western Australia

LOFAR--Netherlanos

SKA--??




21cm Power St ectrum

O Language generally used for
21cm fluctuations

O Tools developed for CMB/

galaxy surveys

O Natwral lLanguage for
interferometer

O Good chotce for Dark Agges,
before Lonizing souwrces turn
own. But after that...




...many effects contribute

Fluectwations Lin...

0 olewsitg (Gaussitan)

0 Lg-—aLpha flux
0O tonlzatlon state

] tempemture

O velocity gradients

1+z

FOBOG
Many LLkJ,eng to be correlated




...it’s a highly non-Gaussian
field!

radiative transfer halo-smoothing analvtic constant /L

If we want to study
growth and topology of
retonlzation, we should

focus own the bubbles




...bubbles DO strongly affect
oower spectrun

with bubbles . .«:"

no bubbles

k (Mpct)

..out quantifying this will be model-dependent




Bubbles are your Frlend

1 Probe of Lonizing sowrce poPuLatwm

(supposed to be big)
1 Durectly extract Ht filling factor m

1 Foreground calibrator:

0 Measure wmean tempemture

(z)

O Remove long wavelength artifactyd
from foreground removal \




Direct Imaging

===

S/N high only on Largest
scales, need R~20 Mpe

o
Qo
T

o
o
T

rRare bright quasars (or
clustered galaxies)

o
NN
T

Fraction of Imaged Pixels at k

BUT: survey volume LS
HUGE! ok

10

Expect 1 active/fosstl Hil reglon
Ln every MWA FOV with R > McRuinwn et al 2006

(24,40) Mpc at z=3




A= 1 28MHz

] S0

Larc —minuies)

wlas |
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_WHL 146 poeb § Barnes 2004




...what do we get?

5Tb(z) X-rays, fosstl Hi
O —-

O Foregrounad calibrator
O Size, shape of Hil reglon—-> RSO properties
O Dilscover RSOs? (though mostly their fossils)

O Try to cross-corvelate with galaxy population

But can we see the smaller bubbles and get @ H1(z)?
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Can wWe pioh Lt
out?

DETECTING BIMODALITY IN ASTRONOMICAL DATASETS

KEITH M. ASHMAN AND CHRISTINA M. BIRD

Department of Physics and Astronomy, University of Kansas, Lawrence, Kansas 66045-2151
Electronic mail: ashman@koesmos phsx ukans edu, third@kula phsx.ukans edu

STEPHEN E. ZEPF'

Department of Astronomy, University of California, Berkeley, California 94720
Electronic mail: zepfi@astron. berkeley.edu
Received 1994 April 13; revised 1994 July 29

Distribution

ABSTRACT

We discuss statistical techniques for detecting and quantifying bimodality in astronomical datasets. We
concentrate on the KMM algorithm, which estimates the statistical significance of bimodality in such datasets
and objectively partitions data into subpopulations. By simulating bimodal distributions with a range of
properties we investigate the sensitivity of XMM to datasets with varying characteristics. Our results
[‘_] W T [ W —— —— l facilitate the planning of optimal observing strategies for systems where bimodality is suspected.
-7 -6 -5 4 -3 2 -1 0O 1 2 3 4 Mixture-modeling algorithms similar to the KMM algorithm have been used in previous studies to partition
X the stellar population of the Milky Way into subsystems. We illustrate the broad applicability of KMM by

analyzing published data on globular cluster metallicity distributions, velocity distributions of galaxies in

clusters, and burst durations of gamma-ray sources. FORTRAN code for the kMM algorithm and directions

DLVC OtL H te LLS us Q_ H'l [ for its use are available from the authors upon request.
(z)
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..partially ionized boundary |
pixels create complications |

OO e

L MWA, LOFAR

cawn be ~10-70% of
pixels

Dependent on telescope _

resolutton+bubble size ) AR

Also partially tonized pixels from X-rays, fossil regions
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Solve for popuLatiows via Lterative Max-Likeelithood
tech wiqﬁu.e

Source
Initial Guess (e.g.) - Source
n 7, N

Best Fit (avg.) Initial Guess (e.g.)
Best Fit (avg.)

Distribution
o
w

o
o

-
2
)

>
0
=
e
D
O

Noise= White noise, sigma= 0.7 [arb. units]
1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1
-1 0 1
Brightness Temperature [arb. units]

0.5 1 1.5
Brightness Temperature [arb. units]

original distribution with nolse

Leverage comes from having many pixels




agree with Fisher Matrix
estimates

Awn Ldealized case,
but results are very
ENCOUrADLNG...
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" 60% lonized

45% lonized

Looks promising...




In principle, PDF has info -
about tonology too

| I T T 1 | T T 0 | ' T 1 | I 1 1 1 | 1 01 | +—
Z=11.& T 3_10'8—_ A Cud:off at Vli«glfl Th--
st b

B: Tail at high To--
islands of neutral gas
instole Hl reglons

0 o0 1o T 10 20 Note: distribution narrows

(6T,—48T,) [mK]

Mellema et al 2006

as smoothing scale tncreases
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How to detect bubbles dlrectly7

Look for edges in WDLSB
background: classic tmage
processing problem.

canny Algorithm:
——optimal edge detector
-Llooks for maxima iw derivatives
of smoothed tmage




1. Apply Gaussian filter
——need to do this several
times at different scales

2. Finad edge pixels
— find maximum itn 3D
spatial gradient

We want to determine whether pixel P
(in the center of the cube) is a local maximum
of the signal

By using the gradient information, we are able
to determine that the gradient of P intersects
the cube at point P*, which lies closest to pixels
A,B,C,and D.

Interpolating the gradient magnitudes of the
signal at pixels A, B, C,and D, we are able to
determine the gradient magnitude of P*. If
this value, and the corrolating value in the
opposite direction, are less than the gradient
magnitude at P*, P* is indeed a maximum.




. Strong Edge Pixel

Weak Edge Pixel

Non-Edge Pixel

Weak pixels connected to strong
edge pixel; considered edges in

final image

Weak pixels disconnected from
any strong edge pixels, eliminated
from final image

3. Apply thresholding with hysteresis
--strong pixel: automatically part of edge
—-weak pixel: only part of edge iLf connected to strong
pixel




with nolse

Recovered

nput box from.
Mesitnger § Furlanetto
2007




O HH Bubbles are main feature (holes in
21cm emission) after first sources Light up

O Much wneeded foreground calibrators

O cawn only directly tmage biggest ones:
sharpen detection w/ canny algorithm

O If cawn detect statistica Ly, obtain @ Hl(Z)

0 More work needed!







AIthough gas cooling times
in clusters are short...

Peterson § Fabian (2006)




Gas does not appear to cool
below ~1/3 of T_vir

can only fit spectra uf
prevent gas from cooling
below ~1/3 of ambient
temperature

universal across different
cluster temperatures

" peterson et al (2001)




What’s going on?

Plasma Ph gjsios effect? (e.g.,)
—~Turbulent mixing
——non-Maxellian distribution function

Feedback heating (e.g...)
——thermal conduction
-——-AGN wmechanical heating
——COSMLLC YO Y heating (this talk)




The Straw Man:
Isobaric Cooling Flow

For a constant mass-flow rate M, the power release is
thus

e
dL =258 prar (1)
2 wmu

We also have, from the definition of the cooling function

A,

dL = nenuA(T,Z)dV,
dL, = nenuA(T,Z)dV. (2)

Hence we obtain the spectral power for a steady-state
flow cooling from T}..x to Tinin

r_] .Ir"ﬂB [T A il"i.
L, = M 3
2 pmu / T Z} (3)

e.. see Fabian (199+4)




Plasma effects I:Turbulent
mixing? '

Gas cools non-radiatively by mixing hot
and cold gas (Begelman § Fabian 1990)

Energy eventually escapes through optieal
lines




Plasma Effects ll: break
collisional equilibrium?

Nown-Maxwellian distribution function (Oh 2004)




lon Fraction

E (keV)

13 o001 L
< 0.0001 £ |

1{}5_

E (keV)

\

0.1
E (keV)

PhotoLonization (Oh 2004)

|| Fe XXIV

\\|f" XVII

Photolonization from |

surrounding cluster
gas or central AN

Decreased cooling
efficlency at Low T
emission measure of
Low Lonization state
lines Larger




Heating is a more popular
solution

Cluster sits tn quast-
thermal equiLibrium:Just
lLkee a star!

i Also explains lack of cold
oas/stars




Conduction at
fraction of classteal

s]:itzer value close
to what’s wneeded.

Colncldence??

Temperature (107 K)

Peterson § Fabian (2006)




cawn butld
condl uctiow—owl,g

models L
h 30lrostatic anol
thermal equilibrivum

But: suffer fine-
tuning problems,
tend to be globally
uwnstable

akamska § Narayawn (2002)




Bubbles observed Ln ICM,
filled with hot/relativistic

plasma
Maybe: entrain cold gas
pAV work
This talk: cosmle ra Y
heating

: (Guo § oh 200#)
Chawndra image, Perseus cluster




we see radio sywchrotron
emlssion
pallation products tndicate
CRs could be present

Many sources: jets,
accretlon shock, SN
Provide gentle,
distributed heating




It’s been tried before...

O Authors have constdered Ay namtcal and
heating effects (via Coulomb, hadronic and
Alfven wave Lnteractions)

O Nowe have constructed models where CRs
successfully stop cooling flow




A key problem: CR
transport is slow

F.=7vFE:(u+vs)—nk.(n-:-VE.), (A14)
OF.

o =(Ye—1D(u+va) ' VE. -V -F.+Q. (Al5)

Diffusive and other CR transport timescales are
Long
Leaodls to overpressured center with tnsufficient
heating at outskirts (though may drive turbulent
convection: Chandran § collaborators)




Our model: use bubbles to

transport CRS =ubbles disrupted by
- Raylewgh-Taylor §

Kelvin-Helmholtz

instabilities as rise

(Also: CRrRs diffuse out)
Fast way of

f g 1 V8T transporting Crs: rise

time ~ sound crossing
Bruggen § Katser (2002) time




O 1D Z.eus code: solve time—depewdew’c
h 5dr00l5 namic egquations + CR heating
§ transport equations

O calculate s’ceadg steaolg CR spectrum,
assuming Coulomb, hadronic and
Alfven-wave energy loses (latter
dominates):

dP.

Fwave L

dr




O Asswme energy dewsitg L bubbles Ls a
power-law with radius (note: CR injection
rate depends on gas cooling-——feedback

effect)

T

—
) 2
Lhut;t;lu ~ — el C (_) fUI' T > o,

o

1 oL . e fe 2
QL‘ — T"'l . Fhubb]t: ™~ = oubhe [l — e W “]j :|

Amre or

) 2 33—
veM,c r | —(r /)
r~ — 3 1l —e¢ :
e T

(19
Slope is free parameter, tmplicitly specifies bubble
disruption rate




O Awount of energy lost to pdv work is
small, at wmost comparable to the bubble
disruption rate

oy
—
-
—
—
L=
-7
L
—
—
—;
-
[
-
"
—_
;.
o
L
=
p=1
pul
L

10

r-.lll
I/ r&

(paV work can also heat ICM, we Lgwnore Lt)







o

vrg ik S AR R T

L= 0.6 L,

50 100 150
r (kpe)

r (kpe)

Note that CR pressure Ls mueh less thaw thermeal
DreSSUNE




'No fine tunlng
works (L.e., no massive cooling flow) starting from

arbb’cmrg initial condittons (unlilke other models...)

e
T T
._.-'_7"'_'.1-""’
e
s
.
o

A L
[ L
.,1,.\-,’-'.__,.--""':. .
-

run Fl, v= 0.1 ]
— — —run C, v= 0.3 7
run F2, v= 0.7
run F3, v= 1.5 2

10 100
r (kpc)

WorRs fOV rangeé O'fAC(N + 100
conduction parameters worRs ]COV riinge of CR

vyrotiles




Requwed CR __
pressure gradients|
OK

swall fractiown of thermal

pressure gradient

most heating Ls wave heating




Observational tests

See gamma-rays from
plon-decay with GLAST

o

L Ando § Nagat (2007)

Ll Ll L1l il |\ Ll LBl
10 10 108 10
E_.. [GeV]

u_
Iﬂ:_
IZ;—
a:
10-2

—
=]
1

Optical filaments: need source
of anomolous heating?

Voit § Ponahue (1997)




Let’ Iook more closely at
fine-tuning issues for
conduction models..

f=o0

But it
wown't
evolve
toward this
: state Ln
general...

| f=o40602

can have equilibrivum wmodel N
which fits observations (solve AN
elgenvalue problem)




Global Stability Analysis

quo, Oh § RuszRowski 2007, in prep

Perform Lagrangian global stability analysis

0 F

-"\__

P 3

o,

AN

\'.

Fund
unstable
eLoenmooles

4

Healing /nZA{T)

¥
AGHN healing
L R |
10 100
r (kpe)




Global Unstable modes are
suppressed with AGN!

0.01 | 3 (V\IOte thLS WEVEY

happens for
conductlon ong
moolel)

Useful tool for
analysing models

0.01 &,

01 0.12 0.14 0.16 0.18 0.2 w/out SLVM,S

f




