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The history of the universe

Todayt, t = 15 billion years

Life on earh T=3K (1meV)
Solar syskem

Quasars

Galaxy formation
Epoch of gravia fonal collapse

Recombination
A elic radiation decouples (CBA)

Matter domination
Onsetofgraviational ins@biliy

Nucleosynthesis
Light elemenis created - D, He, Li

T=1MeV

Quark-hadron transition
Hadrons form - profons & neutons

Electroweak phase transition
Electomagnetic & weak nucew
forces become difierenfated
SU)SU(2)mu(1] > SU(1)

The Parlice Desert
Auons, supersymmely?

Grand unification transition
G > H > SU(IaSU(2)au(1)
Inflalon, Baryogenesis,
monogoles, cosmic sings. eic?

The Planck epoch
[he quantam gravily Barrier
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Primordial fields:
Origin from inflation?

Epoch of inflation:
® Phase of in the early Universe.

® Explains why the Universe appears

® Explains the -> stretching of quantum
fluctuations to scales larger than the Horizon

Magnetic fields formed during inflation

Problem: in classical electrodynamics

Solution: Need to . But: Strong
and huge uncertainties (50 orders of magnitudes).

review: Grasso & Rubinstein (2001)
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Primordial fields:
Origin from phase transitions

Separation of electromagnetic and weak force. Unclear
whether first- or second-order phase transition.

Formation of protons and neutrons. First-order phase
transition.

Mechanism: due to phase transition,

Problem: Magnetic field limited to (~10 pc for QCD,
~0.01 pc for electroweak phase transition)

see Banerjee & Jedamzik (2004)
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Primordial fields:
The inverse cascade inertial

® |njection scale L, velocity V, energy E

Injection
tau~L/V~L/E®> scale L(t) dissipation

dE/dt~E/tau~E"?/L
E/ ~ I for I>L(t). Ei: energy on scale |.
taur ~ | Er!2 ~ [n/2+1

t ~ tau
=> L(t) ~ t2/(n+2)
=> E(t) ~ t-2n/(2+n)

see Banerjee & Jedamzik (2004)
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Primordial fields:
The inverse cascade inertial

as quantity  injection
=>H ~ L E = const scale L(t) dissipation
=>E ~ L

Decay of magnetic energy implies
Scaling as if n=1.

® Then:
E(t) ~ t%3 Assumption:
L(t) ~ t%3 Approximate equipartition between b-field
and kinetic energy

see Banerjee & Jedamzik (2004)
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Primordial fields:
Inverse cascade from QCD phase transition

comoving length [pc]

Magnetic energy Coherence length

Co-moving field strength: Bco ~ Bphys (1+2)2.
Length scales of kpc up to ~Mpc.
Potentially strong magnetic fields.

Uncertainty: Initial field strength and helicity.
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Primordial fields:
Implications from FERMI?

Magnetic diffusion

clusler
simulations
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Nerenov & Vovk 2010, Science (see also Tavecchio et al. 2010a,b; Dolag et al. 2010)
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Reionization:
What is it!?

After cosmic recombination, the
Universe is neutral and atomic.

Today, the gas in the intergalactic

medium is highly ionized. Greif et al. (2009):
The onset of reionization

The transition presumably was
due to ionizing photons from the
first sources of light ...

How can we probe the transition
from atomic to ionized gas!?
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Probing reionization: ot
Quasar absorption spectra

Ol+Sill  SiV+0IV]

Lyg+0Vi
Ly Limit .

Optical depth for Lyman Alpha photons:
3/2
oo o (35 (1) ()

Small neutral fraction sufficient to
absorb Ly Alpha photons.
Higher-frequency photons redshifted
through Ly Alpha line!

| J083643.85+005453.3 (z=5.82)

L J130608.26+035626.3 (z=5.99)

f, (107" erg s~ em™2 871

.
\ b
'
L | " o
| ‘ ’ .
. ol 2 . 1™
4 s 1 | .
FUAMINAA LA, i -
! 1 - 'l

Spectra for z=6.28 quasar consistent
with no flux blueward of Lyman
Alpha. => End of reionization at z~6.

+ J103027.10+052455.0 (z=6.28)

Becker et al. (2001)

wavelength (R)
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Probing reionization:
A new z~7 quasar.

. : . : . : .
Follow—up photometry of ULAS J1120+0641:
o = (0.120.4)x107"7 wm™2 um™, ig

F,, = (0.640.2)x10™" B

= (8.1+0.4)x10™"7

, = (6.0£0.4)x107"7

2x10~16

i
W 4
Y
¥

16

107

Flux density, F, (W m~2 um_‘)

0

Wavelength, A (um)

Mortlock et al. (201 1): new z=7.085 quasar

r

MM RKK XX EVEETVEVEVI VIS

Left: Modeling of HI fraction
(Bolton et al. 201 ). Implied values

'0.0'._xuva1 (n.o self-shvaclné) ~ Of I 0-3' I 0-4.

-8 | With quasar, t,=10"yr No quasar

6 4 2 0 6 4 2 0
R [proper Mpc] R [proper Mpc]
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Probing reionization:
CMB

lonized gas influences CMB
via Thompson scattering.
Optical depth

[(1+1)C,"E/21 [uK?]

500

, 2=, 1+ 2 2 .
S / Tes(2)0 ( ) dz Multipole moment /
=0

g \/Qx\ + Qm(l + 2)3

e.g. Schleicher, Banerjee & Klessen (2008) Larson et al. (20| I)'

WMAP 7 TE spectrum

® Primary anisotropies are suppressed as exp(-tau).

® |arge-scale polarization increases
-> Temperature - polarization (TE) power spectra peak at low .
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Probing reionization:

The observed UV luminosity function close to reionization
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Left: Observed UV luminosity function. Right: Faint-end slopes vs. redshift.

In(10)

Schechter function: nsca(Myy) = 4’*W10_0'4(MU"_M£’V)QGXP(—10_0'4(M‘”’V_M5"’) )

Mp, 4 = (—20.34 £ 0.11) + (0.28 £ 0.06) (2 — 6)
’ b* = 10— 2-90£0.09+(—0.04£0.05)(z—6)

o = (—1.84 +0.05) — (0.05 % 0.04)(z — 6)
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Reionization:
Simulations

Reionization from
the first stars and
galaxies:
Formation and
growth of ionized
bubbles, merging
of ionized regions.

lliev et al. (2006): Reionization as an
inhomogeneous process (z~18-11).
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Building a reionization model:
The cosmic star formation rate

Choudhury & Ferrara (2005):

»00 »00 3;13’
pSF(Z) — / d‘::C / dM SF(MS $oy NC)N(M9 <oy ’\:C
Z min (Zc)

/

star formation  ha|o abundance Greif et al. (2008): Dark

rate matter halos distributed

® Halo abundance can be according to
inferred from Press-Schechter theory.
formalism.

® Need to assume star formation
efficiency to
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Building a reionization model:
The evolution of the ionized volume fraction

HH "lon QH II

nH rec

Madau et al. (1999)

Evolution equation for the ionized volume fraction.
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Building a reionization model:
The production of ionizing photons

Salpeter IMF: 8% of stellar mass in (>20 solar)

End of C-burning phase: 50%

Mass fraction of 0.7% released as

25% of radiation energy in with mean
energy 20 eV.

For | solar mass per year, one thus has

Madau et al. (1998)
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Building a reionization model:
The effects of primordial fields

® . kmax  ~ 234 Mpe ™!

(Jedamzik et al. 1998,

2y 1/2
Subramanian & Barrow 1998) x ( E{?ﬁg ) (

(Sethi & Subramanian 2005,
Pinto, Galli & Bacciotti 2008,
Pinto & Galli 2008)

o
(Subramanian & Barrow |998)

(Kim et al. 1998)

Ringberg, 18.07.201 | D. Schleicher



Ambipolar diffusion

lons are to the magnetic field.

Neutrals are indirectly coupled to the
magnetic field by

The coupling is : Sometimes they
diffuse through the field lines

Magnetic energy can be dissipated by

Schleicher, Banerjee & Klessen (2008)

snu{ov)g+ g+ snHe(0V)H+ He
M [TLH ~+ 4nHC]
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Ambipolar diffusion:

Implications in the large-scale IGM
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Primmordial magnetic fields increase gas temperature and
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abundance of the main coolants

Schleicher et al. (2009)
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Building a reionization model:
The effects of primordial fields
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Thermal / magnetic Jeans masses: Critical mass scale for gravity to
overcome

Both are significantly increased in the presence of strong magnetic
fields.

Schleicher et al. (2009)
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Building a reionization model:
Implications of strong magnetic fields

® (alculate cosmic star formation rate using
the observed UV luminosity function.

® Determine low-mass cutoff based on
magnetic field strength.

® Follow the evolution of the ionized volume
fraction.

® Follow thermodynamics & chemistry in non-
ionized gas.

® (Calculate reionization optical depth.

Schleicher, Banerjee & Klessen (2008)
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Reionization:
Improved constraints & cosmological uncertainties
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Reionization:
Improved constraints & cosmological uncertainties
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Reionization:
Improved constraints & parameter uncertainties
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Reionization:
Constraints from 21 cm observations: EDGES

Experiment to Detect the Global Epoch of Reionization Signatures

very simple, low cost 21 cm
experiment

highly complementary to
LOFAR / SKA

high-dynamic-range, standalone
radio spectrometer and
compact broadband antenna

measures global 21 cm signal

second-generation instrument
will covers redshifts 6 to 30
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Reionization:
Constraints from 2|1 cm observations: EDGES

. Redshift, z
Global 21 c¢m signal reflects ; 1312 11 10 9 8

y 1,500}

. \ & 1+2\"*
0151(0,.2) =27 (1+90) x| 1 — = mKk
I 10

T5:Spin temperature of hyperﬁhestructure lines

T, : CMB temperature
O :Local overdensity

V4
13 12 11 10 9 8 7

Reionization durations
consistent with data

110 120 130 140 150 160 170 180 190
v (MHz)

Reionization|durations
inconsistent with data

110 120 130 140 150 160 170 180 190
v (MHz) 7<Z< I 3
Bowman & Rogers 201 |, Nature
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Reionization:
LOFAR

e | OFAR:Low-
Frequency Array
for radio
astronomy

20000 small
antennas, 48

stations all over
Europe

Effective collecting
area | km?

Ringberg, 18.07.201 |

LOFAR at Exloo (Netherlands)

Probing reionization from z=11.4 (115 MHz) to
z=6 (200 MHz)

Focus on spatial structure and 21 cm power
spectrum

Probing the sources of reionization.
D. Schleicher




Summary and conclusions

® |GM magnetic fields of indicated
by (lower limit).

The potentially important for
primordial fields.

Reionization constraints from
and

observed out to z~8.

from reionization
constraints.
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FLASH WORKSHOP 2012

Hamburger Sternwarte, Feb. 15/16

Workshop on the MHD-Code FLASH

Organizers: R. Banerjee, D. Schleicher

|dea: Learn about new developments with FLASH,
exchange of modules, new collaborations.

Possible topics: Radiative transfer, feedback / subgrid
modeling, new solvers, new modules, visualization,
data formats.

Contact: banerjee@hs.uni-hamburg.de,
dschleic@astro.physik.uni-goettingen.de
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