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Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.
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400,000 years: last scattering surface ~ end of recombination (z ~1000)
10 million years: thermal decoupling of baryons (z ~ 150)
100 million years: first stars (z ~ 30)

300-900 million years: reionization (z ~ 15-6)




H + He lines in the radio background from
Zz =6 to 6000

Galactic foreground:
Synchrotron, thermal
(z~0)

Discrete radio sources:
AGNs, Star-forming gal.,
normal gal.

(z~0-10)

21-cm from the cosmic dawn,

reionization
(z ~ 6-30)

21-cm from the dark ages
(z ~ 30-150)

H & He Recombination —
(z ~ 1000 to 6000)




Cosmological Recombination at z ~ 6000-1000
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He Il lines are a
view of the
universe at 1/20
of the time till the
last scattering
surface!

At z = 6000
t = 20,000 yr

[Sunyaev & Chluba 2009]



free-bound. Also

:

500 shell H + He

-bound
-free absorption and

electron scattering.

Including
bound

distortions in CMB
free

H+ He
recombination

[ Chluba & Haimoud 2015]
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Spectral features post recombination (Dark ages)

Post-recombination and prior to reionization
z > 30 absorption feature

1000

This gives an absorption
feature between 5—45 MHz.

100 £

Temperatures (K)

10 _
The absorption profile is well |

defined by the cosmology,

cosmological parameters,

matter density perturbation
spectrum.
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H 21-cm CMB distortions
post recombination &
pre reionization
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First stars/galaxies — Lyman o —
coupling of HI spin temperature to
the low kinetic temperature.

UV + X-ray + Structure Formation
heating followed by ionization

Timings

X-ray and UV spectra

X-ray and Lyman-a luminosities fx & fa
Their abundance and distribution

Non-standard models:
DM decay
Primordial magnetic fields



Spectral features from cosmological reionization

Reheating of the neutral gas T =25x (b)”(l ~ Tnm) mK
by sources in the reionization ' 10 T
epoch
25 mK reionization step
0 —————T1— T A0 D
Followed by ionization of the : -;:;;8 fz=0-21
gas

The shape of the ‘step’
depends in detail on the time
evolution in the global
ionization fraction

250

v[MHz]
[Bowman Rogers & Hewitt 2008]



Different histories lead to different spectral signatures in long
wavelength images and spectra of the Cosmic Radio Background
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Spectral distortions lab at the Raman Research Institute, Bangalore

APSERa: Array of spectral radiometers for
the Epoch of Recombination.

SARAS: Shaped antennas and spectral radiometers.
ZEBRA: Interferometer measurements.

www.ITi.res.in/DISTORTION




APSERa:

Array of precision
spectrometers for the
epoch of recombination
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128-element array of spectral radiometers
Octave band 2.5-5.0 GHz
90% confidence detection in 255 days

[Sathyanarayana Rao, RS ++ ApdJ 2015]
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Ground based detection with a
spectral radiometer array
in 2.5-5.0 GHz band

[Sathyanarayana Rao,
RS, Udayashankar,
Chluba, ApJ 2015]



APSERa prototype 2-4 GHz spectral radiometer

180 [* 0

Frequency independent antenna 4 GHz sampled data digital receiver
and its radiation pattern 8192 spectral points in 2 GHz band
[Raghunathan et al. Proc IEEE- [Srivani ++ Proc URGI-GA 2014]

APS 2015]



CMB spectral
distortions
from

First Light &
Reionization

-

Wide band 5:1 40-200 MHz

To have sufficient spectral
structure in the band.

So as to be distinguishable
from unknown foreground &
receiver additive contaminants.



Key to detecting wideband all-sky spectral
distortions is the antenna

Aaron Chippendale
2009 PhD Sydney Uni




SARAS 1 Antenna

Frequency Independent
87.5t0 175 MHz
Electrically small in size

Fat-dipole over Ferrite
absorber ground

Sine Profile for central section
Shape optimized for radiation efficiency over octave band
Square cross-section
Made with aluminum sheet metal
Balun:  (a) Choke balun
(b) transformer + power combiner

[Raghunathan, Udaya Shankar, RS
2013 IEEE A&P]



90 MHz

E-plane Antenna radiation patterns: oM
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[Raghunathan, Udaya Shankar, RS 2013 IEEE A&P]



RFI| surveys for
Intermediate observing
sites in India

Timbaktu, Karnataka

Shahapur, Northern
Karnataka

Western Australia




Antenna

Receiver design

REF Noise
Source |
J1. 4
J3  J2
A 3

Cross-over
RefCof Noise ‘ switch
Source I
CAL Noise ‘ P2 P1
— 4-port /‘ Optical

Power splitter Transmitter |

Optical
Transmitter

Correlation receiver

Cross-over switch + power splitter -> Optical
Digital LPF & HPF Receiver

fiber

cancelation of internal systematics Cross-

SCO”te|a“°? Amplifiers Optical
pectrometer LPF & HPF | Receiver |

Calibration noise

Reference noise source

Reflection-Coefficient noise source

Compact receiver followed by an RF on
fiber link — optical isolation [Patra, RS, ++ Experimental Astron 2013]



[Patra, RS, N Udayashankar, Raghunathan

from antenna and amplifiers

Directional
Coupler

Cross-over
switch

Power
Splitter

Shaped Fat-dipole
antenna

CAL
Noise
Source

TRer> VRer

Noise

Source

Sources of noise:

1. Antenna temperature

2. REF noise

3. Amplifier noise

4. Ohmic losses in the signal path

IDa = 292 G1GZ* C1 Va2

Prer = =292 GGy C, Vger?

Py = 292G,G; [CVp2+ Cop Vip?]
Digital

Cross-correlation
Spectrometer




Digital Receiver




SARAS
Absolute & precise measurement of the radio sky at 150 MHz
Leading to a calibration of the 150-MHz all sky map

Nipanjana Patra (PhD thesis, 11Sc 2015)




Measurement of scale & offset corrections to the 150
MHz all-sky map

SARAS measurements (K)
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Sources of error in SARAS measurements.

Source of error Magnitude (%)

Absolute calibration error 0.6
Error in parameter estimation 0.1
Systematic error 1.2

150 MHz map requires

270 280
150 MHz all-sky map (K)

subtraction of an offset of 21.4 K
and scaling by factor 1.05

Reducing offset error to 8K (from 50K)
& scale error to 0.8%(from 5%)

[Patra, RS, ++ 2015 ApJ]



Interferometer measurement of a uniform background

1.2 - - - .
R v Interferometers do respond to uniform
1.0 ...l — Dipole Antennas in in-line configuration | Sk |
—— Dipole Antennas in parallel configuration y

Useful response is only for element
antennas like short dipoles with close
spacings.

Visibility Amplitude

Incident: E1 (t) Incident: Ez(t)

Baseline in wavelengths

Transmitted: Ez(t) tele A
Interferometers with resistive Refected:Eq(t) I'e

beam splitters in between are ’4"
better.
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[Saurabh Singh, RS, Udayashankar,
Raghunathan, ApJ 201 5] Resistive space beam splitter



Critical element:
Resistive beam splitter

Incident: E(t) Incident: E(t)
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Antenna b

Antenna a

Resistive space beam splitter

Of sheet resistance = 377/2 = 188.5 Q per square

[Nivedita Mahesh, RS, Udayashankar,
Raghunathan, IEEE A&P 2015]
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[Nivedita Mahesh, RS++
2015 IEEE Trans A&P]



ero-spacing interferometer
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[Raghunathan, PhD thesis, 2015]
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CMB Spectral Distortions from Cosmic Baryon Evolution
Raman Research Institute, Bangalore
July 11-16, 2016

A workshop to bring together theorists and experimentalists, both ground
based and space based, working on the theory and detection of spectral
distortions from recombination to reionization.

The scope of the workshop is primarily all-sky or global or monopole
component spectral distortions in the CMB of

u, Yy and free-free types arising from standard and non-standard
(e.g. particle decay, primordial magnetic fields) models for
cosmology and structure formation,

Spectral distortions from cosmological Helium and Hydrogen
recombination,

Redshifted 21-cm distortions expected from about redshift 200 down
to the end of reionization.



21-cm power spectrum vs Global or All-sky Monopole

200 MHz - 40 MHz
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Imaging the EoR is a science goal of SKA

70 MHz [Pritchard 2010]
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Murchison Wide-field Array (MWA) X Xk MURCHISON
International partnership of RRI kil
with MIT, Harvard, Australian & NZ universities

MIT Haystack observatory
MIT Kavli Institute
Harvard University - CfA
University of Washington

CSIRO-CASS

Australian National University
Curtin University

University Western Australia
University of Melbourne

Victoria University

Raman Research Institute




MWA Digital receivers
made in the

Radio Astronomy Lab,
RRI

Bangalore




Finished building
&

commissioning

Now engaged in
taking data for
EoR imaging




SKA-low stations: outriggers for EOR global signal

RS #2015
SKA Science case
PoS (AASKA14)014]

- Interferometer calibration for band pass and beam shape.
- Interferometer continuum images provide a foreground model to solve

for mode-coupling of continuum structure into spectral structure.

ACFs/outriggers provide zero-baseline measurement for EOR
And low spatial frequencies for imaging



Observational constraints on cosmic baryon evolution

CMB: recombination last-scattering surface redshift z = 1090

PAPER-64 limits on 21-cm power at z=8.4: Gas kinetic temperature at z=8.4
exceeds 10 K (for neutral fraction between 30% and 70%) [Pober et al. 2015]

Planck TT, TE & EE: (instantaneous) reionization z = 8.8 [Ade et al. 2015].
Perhaps lower?

EDGES: Reionization is less quickly than Az = 0.06 [Bowman & Rogers 2010]

SPT-SZE survey upper limits on secondary anisotropy at large multipoles:
reionization Az < 5.4 [George et al. 2014]

SDSS QSO spectra — rapid rise in flux decrement beyond z=5.5: end of
reionization is at about z=6.



