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21-cm cosmology
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g =13 z =10

v = 1.4GHz v = 100 MHz
3 fundamental temperatures:

T, : the CMB temperature;

T;.: the gas (IGM) temperature;

Ts: the spin temperature (sets the population of the hyperfine level
with respect to the ground state)

the 21 cm line is observable when T = Ty # T),



Evolution of fluctuations
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Reionization X-ray heating Lya coupling Dark Ages
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100 Myr 20 Myr

Ts =T <T,
8Ty o 27xy (1 + 6) (1 — ) mK
Collisional coupling;
Fluctuations dominated by ¢ fluctuations;

Clean view on the dark matter power spectrum
(uncorrupted by non-linearities);
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100 Myr

T,=Te <T,
8Ty o 27xy (1 + 8) (1 - ) mK

Lya (WF) coupling sources by the first stars;
Fluctuations dominated by T, fluctuations;
Clean view on the formation of the first stars

20 Myr

E (POPII1?), dark matter halos hosting the first
5 ~ galaxies, feedback processes;
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100 Myr 20 Myr

Ts =T >T,
8Ty o 27xy (1 + 8) (1 - ) mK
- Heating sources;
- Fluctuations dominated by T} fluctuations;

'~ Clean view on the IGM heating processes, most
likely by X-rays = probing the formation of the

F 2 ~ first black holes?
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100 Myr

TS — Tk P Ty
8Ty o 27xy (1 + 8) (1 - L) mK

lonizing sources;

Fluctuations dominated by x; fluctuations;
Timing reionization, evolution of the global
neutral fraction, indirect view on ionizing
sources (high/low mass galaxies, AGNs...);
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8T, (mK)

8Ts 85 (mK®)

1 Gyr

Reionization X-ray heating Lya coupling

100 Myr

20 Myr

Dark Ages
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Current constraints on reionization

14 16

Planck Collaboration (2015)
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New constraints on the 21-cm emission at 13.2<z< 274
(GB etal., MNRAS, in press, arXiv:1606.06006)

» Large Aperture Experiment to detect
the Dark Ages (LEDA)

20-90 MHz V-inverted dipoles;

two 256-dipole stations (LWA,
OVRO);

256 correlated inputs (dual pol, 60
MHz bandwidth) > low resolution
interferometric  array used to
improve  calibration (Bernardi,
McQuinn & Greenhill 2015);

21cm global signal measurements
from four isolated outriggers;




Measured data

github.com/telegraphic/pyasm

VNA measurements

3SS |—>

VNACAL

PyGSM

NEC4 simulation

e

3-state switching
data reduction

VNA-based
calibration

DPFLGR [ SKYCAL
T — T —
RFI flagging sky model Calibrated data
comparison

courtesy D. Price
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Bayesian signal extraction: joint fit for the global 21 ¢cm and

foreground signals
Bayes’ theorem: POID.}) = ———> s
1 [Tane (V) =T (v,0)]
- = . L s 0 = 0-2
Likelihood: i (Tane (v)1©) NN 2

In£(T . |@) = Z 0 £; (T (v;)10)
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Chosen model: Tw(v) = Tr(v;) + T (v;) = 10
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—300

—350

—400, 2 4 6 8 10 12

Polynomial orfder

the evidence is maximum for a N=7 order polynomial foreground model
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U'H”rh'IHZ

log,y(py/K)

If weédnsndér a'nd eXtréme model with no heating and
full Lya coupling (xy; = 1,6 = 1, T = Ty):

1+Zd) (1+z) 0.15 Qph
% —
Apr = 27 1 1+z jm Qm 0.023 MK

AHI ~ —380 mK @ z=15.7

meaningful constrains on the IGM temperature will be

coming with longer integrations (and the inclusion of ¢+

the other three dipoles)

—890 < Ay; < 0mK at 95% confidence ]

oy > 6.5 MHz at 95% confidence |




PAPER and a look to the future (HERA and SKA)
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Meutral Fraction
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21cmFAST;

12¢ - the X-ray emissivity €y

... Isused as asingle free
®  parameter to determine
1z0°  the heating history;

6T, > 10K @ z = 8.4 for
1.2 15% < XHI < 80%

(Pober et al. 2015)



Constraints on physical models

The X-ray emissivity is parameterized as:

€x X fxfabsPsFr

fx 1s the star formation rate/X ray luminosity correlation;
fabs 18 the fractional (X-ray) energy that heats the IGM;
Psrr 18 the star formation rate density, pspgp « (1 + 2)¢

fa. = 0.04

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Ix



»s = 0.04

N

_, using the galaxy population model
from Robertson et al. (2015) = no
~ unknown galaxy population

- needed to heat the IGM above 10
~Katz=84

1z
-10
6
02 04 06 08 1.0 12 14 16 1.8 2.0
fx

fx — 020 fur — 0.20
Fx = 2.00; fup = 0.20

e fy = 2.00; fi = 0.04
oy =020 e = 0.04
- Tour

Unheated IGM
PAPER Redshift (2 = 8.4)
Planck Reionization (z = 8.8)




Looking at the future (1): the Hydrogen Epoch of Reionization

Array (HERA)
(deBoer et al., arXiv:1606.07473)

« ASU, Brown U., Cambridge U., MIT, NRAO, SKA-SA, SNS, UCB, UPenn,
Uwashington (Pls: J.E. Aguirre, G. Bernardi, J.D. Bowman, C.L. Carilli,
J.N. Hewitt, M.F. Morales, J.C. Pober, A.R. Parsons);

* 19 dishes on the ground, expandable to ~350 by the end of 2018-2019
(proposal under final NSF review);

« 100-200 MHz (possible extension to 50 MHz);

 Located at the SA SKA site:
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'Gold Sample' constraints

0 HERA + Planck priors
s With 25% modeling error on Py, (k)
®  Lya emission fraction
*  Quasar near zone
B  Lya galaxy clustering
¥  Dark Ly forest pixels
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Looking at the future (2): the Square Kilometre Array (SKA)

15t gen: LOFAR, SKA |
MWA, PAPER... i
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« 21-cm power spectra at 6 <z < 30, imaging HI bubbles at 6 <z < 12;

« we are preparing the bid to become a KSP (fingers crossed) by 2018;

Mesinger et al. (2015), Koopmans et al. (2015)






Conclusions

The study of cosmic reionization (and beyond!) with the 21-cm line (21-cm
cosmology) is becoming a mature field;

Global 21-cm experiment are delivering their first results (including EDGES) and
they may offer the only probe of the thermal history of the IGM prior reionization
until the SKA becomes fully operational;

Interferometric arrays are pushing down upper limits and are well placed to start
constraining the reionization history (final observing season with PAPER; LOFAR
and MWA to be continued);

The most sensitive telescopes still have to come: MWA-expanded and HERA are
under construction, the SKA later down the line = still a long story to be told!
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