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A ‘new probe of the
that has the potential to be a game

changer in cosmology, astrophysics . astroparticle
physics




The History of Hydrogen Gas

Lunar or
CRT LOFAR .
GBT MWA Antarctic Array
Arecibo PAPER
GMRT

PaST/21CMA Image: Scientific American 2006



21-cm observations are three
dimensional and can cover
huge co-moving volumes




An Outline of the Cosmic History
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TIDAL INTERACTIONS IN M81 GROUP
Stellar Light Distribution 21 cm HI Distribution




Object: HOO4 HIPASS public data release — v1.2 May 13 2000 (south)
Requested: 10:04:00.00 —80:26:08.00
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Very Large Array

21 cm galaxy images,
Form the VIVA project.
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21cm — DEEPZ2 cross correlation
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Baryon Acoustic Oscillations —
Dark Energy Probe

WMAPS5 and other, Nolta et al
(2008)

CMB acoustic e
oscillations: e
imprinted standard
ruler, 400 Mly.




The First Stars Are Predicted to Have Formed

~100 Million Years After the Big Bang
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* First Pop Ill.1 stars

* * form (T,;,~2000 K)

Radiation/supernovae
disrupt halos

Feedback triggers Pop
I1l.2 star formation

Lyman-Werner photon
background appears
Mass scale of Pop IlI
systems shifts upward

Minihalos unable to form stars

>. First sustained galaxies
‘ appear in halos with

T,.=10°K




Halo formation

Winds

Disk formation
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ISM cooling
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* To produce one ionizing photon per baryon:

Px ~ 1.7 x 10 6 ](_ ! M :;j_'f_’ji:l\[p C_:'))
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Observing Intergalactic Gas:

HYDROGEN
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21-cm cosmology




QSO CMB
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Urbano Franga — Cosmic Dawn



LIGHTING UP THE COSMOS

In the beginning of the Dark Ages, electrically neutral
hydrogen gas filled the universe. As stars formed, they
ionized the regions immediately around them, creating
bubbles here and there. Eventually these bubbles merged
together, and intergalactic gas became entirely ionized.

Timae: 210 million years 290 million years 370 million years 460 million years 5S40 million years 620 milllon years 710 million years
Width of frame: 2.4 million light-years  3.0milllon light-years 3.6 milllon light-years 4.1 million light-years 4.6 millionlight-years 5.0milllon light-years 5.5 million light-years
Observed wavelength: 4.1 meters 3.3 meters 2.8 meters 2.4meters 2.1 meters 2.0 meters 1.8 meters
Allthe gaslsneutral.  Faintred patches These bubbles of New stars and The bubbles are The bubbles have The only remalning
The white areas are show that the stars lonized gas grow. quasars form and beginning to merged and nearly neutral hydrogen
. . ) . the densestand will and quasars have create their own Interconnect. taken over all of space. Isconcentrated
Simulated images of 21-centimeter radiation show how hydrogen give rise tothefirst begun to lonize the bubbles. in galaxies.
gas turns into a galaxy cluster. The amount of radiation [white is stars and quasars. gas around them.
highest; orange and red are intermediate; black is least) reflects

both the density of the gas and its degree of ionization: dense,

electrically neutral gas appears white; dense, ionized gas appears

black. The images have been rescaled to remove the effect of cosmic

expansion and thus highlight the cluster-forming processes. .
Because of expansion, the 21-centimeter radiationis actually

observed at a longer wavelength; the earlier the image, the longer

the wavelength.

Loeb 2006, SciAm
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_ 4gh® [ +1/4, (triplet);

‘ ‘E E'if o Smpmgcza“ [—3/4, (singlet).
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P V= % = 1420 MHz

Fig.5.8. The origin of the hydrogen 21 cm line. The spins of
the electron and the proton may be either parallel or opposite.
The energy of the former state is slightly larger. The wave-
length of a photon corresponding to a transition between these
states is 21 cm

Karttunen et al. 2007, Fundamental Astronomy
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But something stirs and something tries, And starts to climb towards the light  Pink Floyd 11970

z =13 z =0
v =1.4GHz v = 100 MHz

CMB acts as Neutral gas Redshifted signal
back light imprints signal detected

T T

Tb X 27(1 — .Cl’/’z)

) / Spin temperature
Neutral fraction / P P
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Average brightness temperature
over the whole sky

cross-correlation
between different scales

Urbano Franga -~ Cosmic Dawn




X-rays — gas heating/ionization
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Figure 3. Carioon of the diflerent phases ol the 21 cm =gl hir migmal
transitions from an eacly phase of collisional coupling o a later phesse of Lya
coumnling through n skort period where there is Etle signal. Fluctestions afier
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People are looking for it!

Science, Vol. 325. no. 5948, pp. 1617 — 1619, 25 September 2009

IN SEARCH OF REIONIZATION @

Location No. of antennas Baseline Completion

Low Frequency Array (LOFAR) The Netherlands 44,160 1500 km 2010
Murchison Widefield Array (MWA) Australia 8,192 3 km 2010
21 Centimeter Array (21CMA) China 10,287 6 km 2006
Long Wavelength Array (LWA) New Mexico, U.S.A 12,800 400 km 2010
tpochof Reoniation (PAPER e 4 R
Experiment to Detect the Australia 1 2009-2012

Global EOR Signature (EDGES)

* The GMRTI-EoR Experiment: A new upper limit on the neutral hvdrogen power spectrum at z~8.6,
Gregory Paciga, Tzu-Ching Chang, Yashwant Gupta, Rajaram Nityanada. Julia Odegova, Ue-L1 Pen,
Jeffrey Peterson, Jayanta Roy, Kris Sigurdson

Urbano Franga — Cosmic Dawn



Chippendale (Ph.D., 2009) 114-228 MHz [10.5 <(z+1) < 4.2]
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Fig. 4.7: Normalised power pattern of pyramidsl spire]l antenna on linear scale at 171

MHe.




21 cm Cosmology: Experiments and Observatorires

LOFAR MWA

GMRT 21CMA



LOFAR-EoR: challenges

z=11.4 (115 MHz)
to z=6 (180 MHz)

LOFAR = EoR
datacube

k'
ﬂ"'_rﬁ: Kapteyn Astronomical Institute, RUG Vibor Jelié




LOFAR-EoR: FG simulations

EOR signal
{~=5mK)

EXTRAGALACTIC

foregrounds
(~0.8K)

GALACTIC e R S  sumlagical
foregrounds s ; _ / 21cn shgnal
{~SK) :_ : % _ 5 i i

« fratureless poviEIgaee - R e ,ff i -
« varigtion in Sp eipal T s I radio galaxies (~29 %)
index with positifif] : and clusters
on the sky and Wit
frequency

= Free-free emission [~ 1 %, fi ~=2.15)

SHRs
synchrotron emission (~70 %, T, ~ 24022 K, | ~ -2.55)

Jelic et al., 2008, MNRAS accepted

‘& Kapteyn Astronomical Institute, RUG Vibor Jeli¢




LOFAR-EOR: extraction I

ASSUMPTIONS:

+ only diffuse FGs in
total intensity

» perfect calibration
and instrument

@150 MHz
Teer ™~ S mK
Tee ~ 2K
T ~ 52 mK

noise

_;_,i;-.& 1

i Kapteyn Astronomical Institute, RUG
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Tsky(v) = Tyqe(v) +To(v)
EDGES Experiment

Bowman & Rogers
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fhectuations is approximately 75 mE (see Fig. 5.

Fu. 5.~ Charecterstic amplitude of the residuals to the polynomial £1 ex 2
function of inlegration tme on the sky. The rms follows 2 thermal (br) 1% da.
pendency undil satureting af a constant 75 miC nosse level doe to the mstramental

errors introduced intm the measured spectrum. The dotied lines are goides for the
eye showing & (b1 "7 profile and a consizmt 75 mK coniribuiios.

the frequency dependence of the redshifted 21 em emission dur-



The Main Enemy:

Loop 111 3C273 | believe that we
North Polar Spur should observe
here, rather than at

the poles.

log relative amplitude

4{ Morales MF, Wyithe SB. 2010.
Annu. Rev. Astron. Astrophys. 48:127-71
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Sonda Cosmologica de las Islas para la Deteccion de Hidrogeno Neutro (Sci-HI)

Instituto Nacional de Astrofisica,
Optica y Electronica.

Coordinacion de Astrofisica

Omar Lopez-Cruz,
(omarlx@inaoep.mx)

For the Sci-HI collaboration

Isla Guadalupe NW Mexican Pacific Ocean
Kapteyn Institute
April 9th, 2014



Sci-HIl Collaboration

Jeff Peterson (CMU)  Omar Lépez-Cruz (INAOE)
Tabitha Voytek (CMU) Edgar Castillo Dominguez (INAOE)
Alma Gonzalez (CN-UNAM) José Miguel Jauregui G. (INAOE)

Urbano Friaga (AHEP Group), Tonatiunh Matos (CINVESTAV), Mark
Birkinshaw (U. Bristol), Dick Bond (CITA), Octavio Valenzuela (I1A-
UNAM), Axel de la Macorra (IF-UNAM, IAC), Raul Michel (IA-UNAM-
E)

Searching for funding: CONACYT (Proy. de Grupo), NSF, Templeton
Foundation, Packard Foundation. Fundacion Alfredo Harp Helu, and
contributors like yourselves.



Mexico: Reserves of the
Biosphere
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Mexico: EEZ

B Mar Territorial
o Zona Econémica Exclusiva




Maybe La Zona del Silencio is
a good Bet...

JOREE ARMAS -~ MARINA BELEADD ROBERTOGOYA = MIGUEL ANGEL RABADE




zona cel sllencio - Google Maps 250 zona cel sllencio - Google Maps
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Jeff and | went to La Zona del
Silencio Guided by Pelon

Jeff Peterson and Omar
Lopez-Cruz at Zona del
Silencio, May 1, 2010. We
used this antenna to
measure the intensity of
radio signals.
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This was unexpected!!!
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The Large Millimeter Telescope




Flux Density ( dBW/m? /Hz )

This was most unexpected!!!
Zona del Silencio, May 1, 2010, 20:10 hrs.
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Flux Density ( dBW/m? /Hz )
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La Zona del Silencio is one of the Best
Sites in the whole World!!!
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Antena
Dipolo Gordo
Resistencia a : i
[ temperatura ambiente HSmtch de dos poswlones]

)
Atenuador de 3dB ]

v
[EtapadigrggliﬁcaciénJ Working at 40-125 MHz (10 < (Z+1) <34)

\
Cable a segunda etapa
de amplificacion (1m)

\
Etapa 2 de amplificacion
40dB

v

[ Filtro 300 MHz J

\ J
[ Atenuador 10 dB ]

/
Cable coaxial
y cable de alimentacion

y
Atenuador 10 dB ]

v

Filtro de 100 MHz ]

\
Tarjeta adquisitora
ICS1650A (12 bits)




Antenna Pattern
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Testing at Zona del Silencio




We went to Isla Guadalupe
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This Is the best Place

Arriba s¢ muesira la localizacion de la Isla Goadalupe (lat: 28" 587247 N, long: 1187 1847 ©3). También se
mutsira la ubicacién del sitio seleccisnada. Por ser la Isla Goadalupe una Beserva de la Biosfera, Sci-HI sera

refirada de la isla wna ver terminadas las obhservaciones. 5e buscard la promocion de leyes para proteper a la
Isla Guadalupe como cona radio-silente, @sie lambitn es un recorss natural cada vier mis escaso,



Sci-HI vs. Green Bank
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Sci-HI: First Run




Sci-Hi: First Run (Oct-2012)

Antenna Design and Construction

The antenna was designed and simulated
using numerical electromagnetics code

(NEC). Its shape is a “fat, drooping dipole”
The dipole can be tuned to different
optimal frequencies by changing the length
of the cylindrical sections.

System Layout (Field Experimental Setup)




Sci-HI: First Run

Full System Satup ot 6o Grrteupe



Detections from ZDS, January
2012
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Detections from ZDS, January
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Sci-HI: First Run
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Antenna: New Design
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Antenna: New Design
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Antenna: New Design




Sci-HI: Isla Guadalupe
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Data Reductions

Global Sky Model (70 MHz)

- logyp Team

Beam Pattern (70 MHz)
LST 08:00 LST 16:00 LST 24:00

J \ \

FIG. 3: Sky temperature and antenna beam pattern in (RA,
DEC) coordinates. The top row shows the sky temperature
(logarithmic) at 70 MHz, from the Galactic Global Sky Model
(GSM). The bottom row shows the simulated antenna beam
pattern at 70 MHz at different LST, plotted for the latitude
of Isla Guadalupe.




Sci-HIl Scanning Paths

Isla Guadalupe (latitude 28-5824 N,
longitude 118-184 W), 260 km off
the Baja California

G5M at 150MHz
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1100 90.0 W), 600 km
off the mainland.
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Data Reductions
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Diurnal variation of a single 2 MHz wide bin centered at 70 MHz. Calibrated
mean with rms error bars from day-to-day variation are shown for nine days
of observation binned in ~18 minute intervals. Larger error bars correspond
to LSTs where the quantity of useable data is smaller.



Sci-HI: First Results

THE ASTROPHYSIC AL NA/RENAL LETTERS, TRE:LY (Spp). 2014 Fobruary 10
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Figure 4. Data calibrated using Komw (de Oliveim-Costa of al. 2008). The top
plot shiws mean data From a single day of obsorvation (~-50 minutes inbog ation
time) hinned in imtervals of 2 MHzx. The best fit plot for m = 2 is also shown
(ap = 3.548, a) = —2.360, a3 = —0.164, for June 1st). The botiom plot shows
the residuals after the M was subtmcied. A simple power low (8 = 1] results in
a pesar fiL, while n = 2 subsiantially improves the 6L
(A color varsion of this figure is ovailable in the online journal.)

VONTEE ET al.
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Figure 5. Log of the magnitude of the combined residmals from 4.4 br of
inicgration limc wing throo diffcront calibmtion tcchnigoes. Cinoen s the
residuals rom Kgsy, while md = the residuals from Kapss and boc s the
residuals from Kpar. Circles ore positive values and squares are negative values.
Koo fits anc donc on & smaller froquency range of §0-82 MHx. Emor bars
shoar the daily varance of the residuals. Also shoen ane the predictions from
three reionization models. These models differ in their star formation efficicocy
und X-ray boating and the mean brighmess icmperature is subtrecied from cach
of the thoorctical models.

[A ocolor version of this figure is available in the online journal )
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PROBING THE DARK AGES AT z ~ 20: THE SCI-HI 21 cm ALL-SKY SPECTRUM EXPERIMENT
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ABSTRACT

We present first results from the SCI-HI expeniment, which we used to measure the all-sky-averaged 2 | cm brightness
temperature in the redshift range 14.8 = 7 = 22.7. The instrument consists of a single broadband sub-wavelength
size antenna and & sampling system for real-time data processing and recording. Preliminary observations were
completed i 2003 June at Isla Guadalupe, a Mexican biosphere reserve located in the Pacific Ocean. The data was
cleaned to excise channels contaminated by radio frequency interference, and the system response was calibrated
by comparing the measured brightness temperature to the Global Sky Model of the Galaxy and by independent
mieasurement of Johnson noise from a calibration terminator. We present our results, discuss the cosmological
implications, and describe plans for future work.

Key words: cosmology: observations — dark ages, relonization, first stars — methods: observational — radio
continuum: general
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Sci-Hl is getting There

‘The race for the detection of the end of end of the Dark Ages and EoR using
high-z 21 cm has begun.

Isla Guadalupe is one of the best radio quiet zones in the World. Mexico can
play an strategic role in this race. Sci-HI is searching into the Dark Agein z-
space. We are improving over the sensitivity over EDGES.

‘We need people, for data reduction, modeling of the 21 cm spectrum through
cosmic time, astronomers, radio-astronomers, cosmologists, physics, computer
gurus, ecologists, geologists...

‘We must act to protect La Zona del Silencio and Isla Guadalupe and keep
them Radio Quiet. We should declare them National Radio Quiet Zones (Area
Natural Protegida de Ondas Electromagnéticas de Origen Artificial: Zonas
Radio-Silentes). Estrategia Nacional para la Conservacion y el  Desarrollo
Sustentable del Territorio Insular Mexicano (SEMARNAT, 2012). (OL-C, Asesor
Nacional)

Next destination: Isla Socoro, Archipielago de Revillagigedo & The Antartic
(Argentina)
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How Did the First Stars
and Galaxies Form?




Fraction of collapsed matter

Tuir > 103, 10*, and 10° K

Reionization requires 13.6 eV/H
\ compared to 7 MeV/nucleon
produced in stellar interiors
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Cooling Rate of Primordial Gas (H,He)
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