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TodayCMB

Loeb 2006, Scientific American

⇠ 100 Myr ⇠ 1 Gyr
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Why study first stars & galaxies?

• Testbed for star formation and 
feedback models we (think we) 
understand. 

• Potential for completely new star 
formation physics (e.g., PopIII) and 
feedback processes.

• Answers to long-standing problems, 
e.g., SMBH seeds?
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Why 21-cm?

• IGM evolution provides independent 
test of high-z galaxy evolution. 

• 21-cm sensitive to ionization history 
and spin temperature history.

• ‘Feels’ all sources, not just the 
brightest.

21-cm approach: probe galaxies indirectly through impact on IGM



Motivation
1. Simple models describe known 

high-z galaxy population quite 
well. 

•Many 21-cm predictions pre-
date this progress.

2. Simple arguments thought to 
describe unseen ‘PopIII’ sources. 

•But can they ever be 
detected directly?

3. Experimental progress! 

•EDGES, SARAS, BIGHORNS, 
SCI-HI, LEDA, HYPERION,…
more?

model LF as

f= Sn V (4)expected i j j i j, ,

where Vi j, is the effective volume over which one could expect
to find a source of absolute magnitude j in the observed
magnitude interval i. We estimate Vi j, for a given search field
using an extensive suite of MonteCarlo simulations where we
add sources with an absolute magnitude j to the different search
fields and then see whether we select a source with apparent
magnitude i. The Vi j, factors implicitly correct for flux-boosting
type effects that are important near the detection limits of our
samples, whereby faint sources scatter to brighter apparent
fluxes and thus into our samples.

Computing the relevant Vi j, values for all of our samples and
search fields required our running an extensive suite of Monte
Carlo simulations. In these simulations, large numbers of
artificial sources were inserted into the input data (typically
∼50 arcmin−2 in each simulation). Catalogs were then
constructed from the data and sources selected. To ensure that
the candidate galaxies in these simulations had realistic sizes
and morphologies, we randomly selected similar-luminosity
~z 4 galaxies from the Hubble UltraDeep Field to use as a

template to model the two-dimensional spatial profile for
individual sources. We assigned each galaxy in our simulations
a UV color using the β versusMUV determinations of Bouwens
et al. (2014b), with an intrinsic scatter in β varying from 0.35
brightward of −20 mag to 0.20 faintward of −20 mag. This
matches the intrinsic scatter in β measured for brightest
~ -z 4 5 sources by Bouwens et al. (2009, 2012b) and

Castellano et al. (2012), as well as the decreased scatter in β for
the faintest sources (Rogers et al. 2014). Finally, the templates
were artificially redshifted to the redshift in the catalog using
our well-tested “cloning” software (Bouwens et al. 1998,
2003a) and inserted these sources into the real observations. In
projecting galaxies to higher redshift, we scaled source size
approximately as + -z(1 ) 1.2 to match that seen in the
observations (Oesch et al. 2010a; Grazian et al. 2012; Ono
et al. 2013; Holwerda et al. 2014a; Kawamata et al. 2014). We
verified through a series of careful comparisons that the source
sizes we utilized were similar to those in the real observations,
as a function of bothredshift and luminosity (AppendixD).

In calculating the effective selection volumes over the
CANDELS-UDS, COSMOS, and EGS search areas, we also
simulated realistic images of our mock sources in the ground-
based and Spitzer/IRAC observations, by covolving the H160-
band images of these sources by the appropriate kernels to
match the broader-PSF and adding these sources to the real
observationsand extracting their fluxes using the same
photometric procedure as we applied to the real observations.
Finally, we made use of the full set of flux information we were
able to derive for the mock sources (HST+ground-based+-
Spitzer/IRAC) to estimate photometric redshifts for these
sources and hence determine whether sources fell within our
redshift selection windows. As with the real observations,
mock sources were excluded from the selection, if they were
detected at >2.5σ significance in passbands blueward of the
break. We note that in producing simulated IRAC images for
the mock sources, we assume a rest-frame EW of 300 Å for
Hα+[N II] emission and 500 Å for [O III]+Hβ emission over
the entire range z = 4–9, a flat rest-frame optical color, and
anH160-optical continuum color of 0.2–0.3 mag, to match the
observational results of Shim et al. (2011), Stark et al. (2013),

González et al. (2012, 2014), Labbé et al. (2013), Smit et al.
(2014a, 2014b), and Oesch et al. (2013b).
After deriving the shape of the LF at each redshift using this

procedure, we set the normalization by requiring that the total
number of sources predicted on the basis of our LFs be equal to
the total number of sources observed over our search fields.
Applying the above SWML procedure to the observed surface
densities of sources in our different search fields, we
determined the maximumlikelihood LFs.
We elected to use a 0.5mag binning scheme for the LFs at
~z 4–8, consistent with past practice. To cope with the noise

in our SWML LF determinations that result from deconvolving
the transfer function (implicit in the Vi j, term in Equation (4))
from the number counts nobserved i, , we have adopted a wider
binning scheme at the faintend of the LF. This issue also
causes the uncertainties we derive on the bright end of the LF
to remain somewhat large at all redshifts (as uncertainties in the
measured flux for individual sources allow for the possibility
that the observed source counts could arise from “picket
fence”-type LFs with the bulk of sources concentrated in just
the odd or even stepwise LF intervals).
In deriving the LF from such a diverse data set, it is essential

to ensure that our LF determinations across this data set are
generally self-consistent. We therefore derived the UV LFs at
~z 5, ~z 6, ~z 7, and ~z 8 separately from the wide-area

UDS+COSMOS+EGS CANDELS observations, from the
CANDELS-DEEP region within the CANDELS-GN and GS,
from the CANDELS-WIDE region within the CANDELS-GN
and GS, and from the BoRG/HIPPIES observations. As we
demonstrate in Figure A3 in Appendix E, we find broad
agreement between our LF determinations from all four data
sets, suggesting that the impact of systematics on our LF results
is quite limited in general.
After considering the LF results from each of our fields

separately, we combine our search results from all fields under
consideration to arrive at stepwise LFs at ~z 4–8 for our
overall sample. The results are presented in Figure 6 and in
Table 5. Broadly speaking, the LF determinations over the

Figure 6. SWML determinations of the UV LFs at ~z 4 (blue solid circles),
~z 5 (green solid circles), ~z 6 (light blue solid circles), ~z 7 (black

circles), and ~z 8 (red solid circles). Also shown are independentlyderived
Schechter fits to the LFs using the STY procedure (see Section 4.2). The UV
LFs we have derived from the complete CANDELS+ERS+XDF+HUDF09
data sets show clear evidence for the buildup of galaxies from ~z 8 to ~z 4.
Note the appreciable numbers of luminous galaxies at ~z 6, ~z 7, and ~z 8.
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observations to high redshift also support such scenarios
(Madau & Fragos 2016; Mirocha et al. 2017).
A number of experiments are underway to detect

the global 21-cm signal, including EDGES 2 (Monsalve
et al. 2017), LEDA (Bernardi et al. 2016), BIGHORNS
(Sokolowski et al. 2015), and SCI-HI (Voytek et al. 2014).
Attaining the necessary sensitivity to plausible signals is
a formidable challenge: the cosmological signal needs to
be discerned in the presence of Radio Frequency Interfer-
ence (RFI), instrumental systematics (Liu et al. 2013), and
Galactic and Extra-Galactic foregrounds, which can be 5–
6 orders of magnitude brighter than the signal (Harker
2015; Liu & Tegmark 2012). Fortunately, the foregrounds
have been shown to be spectrally smooth to mK levels in
the frequency range of 40–200 MHz and can be modeled
by smooth functions (Sathyanarayana Rao et al. 2016).
However, the level of systematics is critically dependent
on the radiometer design, calibration scheme, as well as
data modeling strategies (Patra et al. 2013; Monsalve et al.
2017; Bernardi et al. 2015).
SARAS 2 is a spectral radiometer that aims to detect the

global 21-cm signal from the EoR. Below, we describe its
design philosophy, calibration methodology, algorithms de-
veloped for RFI excision, and modeling of the foregrounds
and instrumental systematics. We present results from
first light upon deploying the system at a relatively radio
quiet site at the Timbaktu Collective in Southern India.

2. SARAS 2 SPECTRAL RADIOMETER

SARAS 2 has a wide-band wide-field monopole antenna
deployed on open level ground with receiver electronics en-
closed in a unit below the antenna and below ground. The
receiver is a correlation spectrometer in that the antenna
signal is first split into two, then amplified separately in
two parallel signal paths. The analog signals are trans-
mitted on optical fiber to a signal processing unit located
100 m away, which is followed by a digital spectrometer
that spectrally decomposes the signals, computes the com-
plex cross-correlation between the signals and records the
spectra. The entire system operates off batteries and can
be deployed at remote radio-quiet sites.

2.1. The antenna

The SARAS 2 antenna is a sphere-disc monopole an-
tenna (see Fig. 1) in which a circular aluminum disc on
the ground is one element and a sphere atop an inverted
cone forms the second element; the sphere and cone are
smoothly conjoined and the cone surface meets the sphere
tangentially. The inner edge of a small circular hole at the
center of the disc continues down as the outer conductor
of a coaxial cable, whose central conductor connects to the
apex of the cone. Thus the antenna smoothly transforms
into an unbalanced transmission line that connects to the
receiver below without requiring any balun and without
impedance transformers. The sphere radius is 0.146 m and
the disk radius is 0.435 m. The structure is of simplistic
design, defined by a minimal number of parameters, and
electrically small, so that the performance is frequency in-
dependent and with smooth characteristics up to 250 MHz.
The antenna beam is omnidirectional, with nulls towards
the horizon and zenith, with a peak at 30◦ elevation and
half power beam width of 45◦. Frequency independence of
the beam is critical for this experiment in order to avoid
coupling of sky structure into spectral features, and we
have confirmed this property by range measurements and
electromagnetic simulations.

Figure 1. SARAS 2: In the schematic, LNA refers to Low-Noise
Amplifiers while EOM are Electro-Optical Modulators. The upper
right image shows the sphere-disc monopole, with the sphere sup-
ported using styrofoam, cotton strings and teflon fasteners. The
lower right image shows the spectrometer.

A radiation efficiency ηr(ν) defines the frequency-
dependent coupling of the beam-weighted sky temperature
Tsky(ν) to the antenna. Owing to impedance mismatch be-
tween the antenna and transmission line, only a fraction
of this power—defined by a reflection efficiency ηc(ν)—
arrives at the receiver. The total efficiency ηt = ηr × ηc
determines the received antenna temperature:

Ta(ν) = ηr(ν)ηc(ν)Tsky(ν). (1)

Internal receiver noise appears as an additive contaminant
in measured spectra, and internal reflections of the receiver
noise at the antenna terminals result in spectral shapes
for this contaminant, with the shape dependent on the an-
tenna reflection coefficient Γc(ν), which is related to ηc(ν)
as:

ηc(ν) = 1− |Γc(ν)|
2. (2)

Critical to detection of the EoR global signal is designing
Γc to be spectrally smooth, meaning that there are no low
level embedded ripples in the profile. Mathematically, we
require Γc to be Maximally Smooth (Sathyanarayana Rao
et al. 2015). Field measurements of the antenna demon-
strate that Γc is spectrally smooth at 1 part in 104, en-
suring that non-smooth systematics, if any, are below the
sensitivity of the observations presented here. The total
efficiency ηt is estimated from a comparison of the dif-
ferential antenna temperature measured as the sky drifts
overhead and the expectation for this differential based on
the GMOSS model for the radio sky (Sathyanarayana Rao
et al. 2017). This total efficiency and also the reflection ef-
ficiency are shown in Fig. 2; the total efficiency represents
the attenuation with which any EoR signature would be
present in observed spectra. It may be noted here that the
efficiency is poor and more so at lower frequencies; this was
a design compromise made for SARAS 2 in that efficiency
was sacrificed for spectral smoothness in the reflection ef-
ficiency and frequency independence of the beam.

2.2. The receiver

The antenna signal is split coherently into two parallel
paths, which are amplified separately. The splitter also

SARAS 2
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Figure 2. Fourpoint antenna (left) and blade antenna (right) are shown in
a top view with dimension-indicating arrows to denote the individual panel
widths and lengths listed in Table 1.

of wavelength. The impedance match of the antenna connection to
the receiver is measured in situ by periodically switching a vector
network analyzer into the electrical path. Although the EDGES cal-
ibration scheme is sufficient to correct for undesirable electronic
effects in the measured spectrum, it does not compensate for chro-
matic beam effects.

2.1 Antennas

In this study, we analyse three horizontal planar dipole-like anten-
nas placed over a ground plane. Each antenna is tuned to respond
in the EDGES band. The three antenna types are: (1) the EDGES
‘fourpoint’ antenna deployed to date, which is based on the four-
point design of Suh et al. (2004); (2) a ‘blade’ design that shows
superior beam qualities in simulations and is being considered as
a potential successor to the fourpoint design; and (3) an analytic
1/2-λ wire dipole, which is included as an analytic comparison. The
fourpoint and blade antennas are shown in Figs 2 and 3 and Table 1
summarizes the design and model parameters of the antennas.

Numerical time-domain electromagnetic simulations were per-
formed using CST (Computer Simulation Technology) Microwave
Studio for the fourpoint and blade antennas. All of the antenna
components were simulated except for fiberglass support legs and

cable connectors. Metal structures were modelled with their actual
dimensions and thicknesses, but ground planes were modelled as
infinite metal sheets. We found that the choice of CST settings can
affect the chromaticity of the modelled beams by introducing nu-
merical artefacts from rounding and precision errors. In particular,
we needed to carefully select transient power dissipation thresh-
olds and mesh grid resolutions in order to minimize such artefacts
while maintaining efficient processing times. To fine-tune our CST
settings, we performed a convergence study in which we perturbed
the physical antenna dimensions (by the order of 1 per cent) in our
CST models, while adjusting simulator settings until the resulting
outputs converged to small variations. We found this test for conver-
gence of results, using nearly identical antenna models, to be a good
probe of the level of numerical artefacts in the antenna simulations.

Our final antenna simulations were performed using CST settings
that led to no more than 0.02 dB variations in reflection coefficients
between perturbed antenna models over the frequency range of
interest and yielded no more than 1.5 mK variations in foreground-
subtracted residuals using a 5-term polynomial fit after our full
analysis for antennas modelled at −26 deg latitude with LST of 4 h.
The mesh cell counts were 13 million cells for the fourpoint antenna
and 6 million cells for the blade antenna. Simulations required
approximately 20 min for the blade and 40 min for the fourpoint
antenna when using an NVIDIA M2090 GPU accelerator. Peak
memory requirements were modest at less than 8 GB. We briefly
describe each antenna below.

Fourpoint antenna. The fourpoint antenna uses four diamond-
shaped panels arranged in a planar structure. One pair of opposing
panels is electrically active, while the other pair serves as a parasitic
capacitance via a vertical rim along the panel’s perimeter, to enhance
both the beam’s symmetry and the antenna’s impedance match to
the receiver (Fig. 3). A Roberts transmission-line balun (Roberts
1957) is used to transition from the panels to the receiver. Discrete
tuning capacitors located at roughly the middle of the Roberts balun
and near the edges of the panels, along with a capacitive top plate
above the central region of the antenna, improve the impedance
match of the antenna to the receiver.

EDGES has deployed this style of antenna at the Murchison
Radio-astronomy Observatory (MRO) in Western Australia for

Figure 3. Left: photograph of the fourpoint antenna as deployed by EDGES in 2015. The fourpoint design has a downward pointing rim (1.8 cm) on the
perimeter of each panel and uses discrete capacitors between the panels at the outer edge as well as a tuning capacitor half-way up the tubes which are part of
the Roberts balun. Right: photograph of the blade antenna which does not use interpanel capacitors, a balun tuning capacitor, nor a perimeter rim. Both designs
use fiberglass support tubes, four for the fourpoint and eight for the blade. Both antennas use a tuning capacitor on the top of the panels between the balun
tubes to improve impedance matching. Surrounding the tubes at the base, a short rectangular enclosure shields against vertical currents in the tubes.
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Main Results
1. Based on high-z LF measurements, 
low-frequency experiments targeting 
the sky-averaged 21-cm signal should 
expect a strong symmetrical signal 
near ~100 MHZ.  

2. Unless small (<108 Msun) halos can 
form multiple generations of metal free 
stars with a top-heavy IMF, in which 
case we predict a weaker — and 
asymmetric — signal.

Mirocha, Furlanetto, & Sun (2017)

Mirocha et al., submitted

PopII
PopII+PopIII
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Fig. 3. Level diagram illustrating the Wouthuysen–Field effect. We show the hyperfine splittings of the 1S and 2P levels. The solid lines label
transitions that mix the ground state hyperfine levels, while the dashed lines label complementary transitions that do not participate in mixing.
From [130].

excited to the triplet state (requiring significantly more energy than the cold neutral IGM can provide; see [111] for
a detailed discussion). Ionized helium avoids this problem and may be significant in partially ionized gas (though the
accompanying free electrons will still dominate because of their larger velocities). To our knowledge, these rates have
not yet been calculated.

Finally, we have collisions with trace elements. Spin exchange cross sections in H–D collisions have been evaluated by
[120] (see Section 2.6).Although they are much larger than the corresponding H–H cross sections at small temperatures,
their rarity means that they still have no significant effect on TS .

2.3. The Wouthuysen–Field effect

A less obvious coupling process has become known as the Wouthuysen–Field mechanism9 [66,67]. It is illustrated
in Fig. 3, where we have drawn the hyperfine sublevels of the 1S and 2P states of HI. Suppose a hydrogen atom in the
hyperfine singlet state absorbs a Ly! photon. The electric dipole selection rules allow !F =0, 1 except that F =0 → 0
is prohibited (here F is the total angular momentum of the atom). Thus the atom will jump to either of the central
2P states. However, these rules allow this state to decay to the 1S1/2 triplet level.10 Thus atoms can change hyperfine
states through the absorption and spontaneous re-emission of a Ly! photon (or indeed any Lyman-series photon; see
Section 2.4 below). This is analogous to the well-known “Raman scattering” process, which often determines the level
populations of metastable atomic states, except that in this case the atom undergoes a real (rather than virtual) transition
to the 2P state.

2.3.1. An approximate treatment
We begin with a relatively simple and intuitive treatment of this process. Reality is considerably more complicated;

we discuss more precise calculations in Section 2.3.3 below. The Wouthuysen–Field coupling must depend on the total
rate (per atom) at which Ly! photons are scattered within the gas,

P! = 4"#!

!
d$ J$($)%!($), (37)

9 As a guide to the English-speaking reader, “Wouthuysen” is pronounced as roughly “Vowt-how-sen,” although in reality the “uy” construction
is a diphthong with no precise counterpart in English.

10 Here we use the notation F LJ , where L and J are the orbital and total angular momentum of the electron.

Wouthuysen (1952)
Field (1958)

Absorption and 
spontaneous 
emission of Ly-
photons mixes 
hyperfine levels!

↵
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Figure 2. Fourpoint antenna (left) and blade antenna (right) are shown in
a top view with dimension-indicating arrows to denote the individual panel
widths and lengths listed in Table 1.

of wavelength. The impedance match of the antenna connection to
the receiver is measured in situ by periodically switching a vector
network analyzer into the electrical path. Although the EDGES cal-
ibration scheme is sufficient to correct for undesirable electronic
effects in the measured spectrum, it does not compensate for chro-
matic beam effects.

2.1 Antennas

In this study, we analyse three horizontal planar dipole-like anten-
nas placed over a ground plane. Each antenna is tuned to respond
in the EDGES band. The three antenna types are: (1) the EDGES
‘fourpoint’ antenna deployed to date, which is based on the four-
point design of Suh et al. (2004); (2) a ‘blade’ design that shows
superior beam qualities in simulations and is being considered as
a potential successor to the fourpoint design; and (3) an analytic
1/2-λ wire dipole, which is included as an analytic comparison. The
fourpoint and blade antennas are shown in Figs 2 and 3 and Table 1
summarizes the design and model parameters of the antennas.

Numerical time-domain electromagnetic simulations were per-
formed using CST (Computer Simulation Technology) Microwave
Studio for the fourpoint and blade antennas. All of the antenna
components were simulated except for fiberglass support legs and

cable connectors. Metal structures were modelled with their actual
dimensions and thicknesses, but ground planes were modelled as
infinite metal sheets. We found that the choice of CST settings can
affect the chromaticity of the modelled beams by introducing nu-
merical artefacts from rounding and precision errors. In particular,
we needed to carefully select transient power dissipation thresh-
olds and mesh grid resolutions in order to minimize such artefacts
while maintaining efficient processing times. To fine-tune our CST
settings, we performed a convergence study in which we perturbed
the physical antenna dimensions (by the order of 1 per cent) in our
CST models, while adjusting simulator settings until the resulting
outputs converged to small variations. We found this test for conver-
gence of results, using nearly identical antenna models, to be a good
probe of the level of numerical artefacts in the antenna simulations.

Our final antenna simulations were performed using CST settings
that led to no more than 0.02 dB variations in reflection coefficients
between perturbed antenna models over the frequency range of
interest and yielded no more than 1.5 mK variations in foreground-
subtracted residuals using a 5-term polynomial fit after our full
analysis for antennas modelled at −26 deg latitude with LST of 4 h.
The mesh cell counts were 13 million cells for the fourpoint antenna
and 6 million cells for the blade antenna. Simulations required
approximately 20 min for the blade and 40 min for the fourpoint
antenna when using an NVIDIA M2090 GPU accelerator. Peak
memory requirements were modest at less than 8 GB. We briefly
describe each antenna below.

Fourpoint antenna. The fourpoint antenna uses four diamond-
shaped panels arranged in a planar structure. One pair of opposing
panels is electrically active, while the other pair serves as a parasitic
capacitance via a vertical rim along the panel’s perimeter, to enhance
both the beam’s symmetry and the antenna’s impedance match to
the receiver (Fig. 3). A Roberts transmission-line balun (Roberts
1957) is used to transition from the panels to the receiver. Discrete
tuning capacitors located at roughly the middle of the Roberts balun
and near the edges of the panels, along with a capacitive top plate
above the central region of the antenna, improve the impedance
match of the antenna to the receiver.

EDGES has deployed this style of antenna at the Murchison
Radio-astronomy Observatory (MRO) in Western Australia for

Figure 3. Left: photograph of the fourpoint antenna as deployed by EDGES in 2015. The fourpoint design has a downward pointing rim (1.8 cm) on the
perimeter of each panel and uses discrete capacitors between the panels at the outer edge as well as a tuning capacitor half-way up the tubes which are part of
the Roberts balun. Right: photograph of the blade antenna which does not use interpanel capacitors, a balun tuning capacitor, nor a perimeter rim. Both designs
use fiberglass support tubes, four for the fourpoint and eight for the blade. Both antennas use a tuning capacitor on the top of the panels between the balun
tubes to improve impedance matching. Surrounding the tubes at the base, a short rectangular enclosure shields against vertical currents in the tubes.
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from Mesinger+ 2011
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The Global 21-cm Signal

cold

hot EoR

⇣i = f⇤Nifesc,i

SFRD / f⇤
df

coll

dt

e.g., Furlanetto (2006)



Part I: Calibrating Models 



LF-calibrated models
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free parameter, it 
is tuned to match 
the LF. 

⇣i = f⇤Nifesc,i
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Figure 2. Star formation e�ciency f? in several models pro-
viding reasonable fits to the observed luminosity functions. The
thick (thin) curves show f? at z = 8 (15). The solid curves use our
energy-driven wind model with ✏K = 0.1 and f?,max = 0.1. The
dot-dashed curves use our momentum-driven wind model, with
✏p = 0.2 and f?,max = 0.2. The long-dashed line ignores virial
shock quenching in the energy-driven model. The short-dashed
line takes equation (16) with ⇠ = 2/3 and � = 0 (i.e., assum-
ing it is independent of redshift). The dotted curve shows f̃?, or
the average star formation e�ciency over a halo’s history, in our
energy-driven wind model at z = 8. Along the bottom axis we
also show how these masses translate into absolute magnitudes in
our energy-driven wind model at z = 8.

though our prescription applies equally well to smooth ac-
cretion and merger events, the latter will have higher overall
star formation rates at fixed f? because of their increased
(temporary) accretion rates.

3.1 Models of Feedback

In our fiducial model, we obtain ⌘ by assuming that the
star formation rate is set by the balance between feedback
and the forces binding the gas to a galaxy. However, the
coupling between the feedback source and the galaxy’s ISM
is not yet clear, so we parameterize the feedback mechanism
in a flexible manner.

One scenario appeals to supernovae to control the star
formation rate. The most extreme case assumes that super-
nova blastwaves retain their energy long enough to disturb
the accreting gas, so that we can balance the rate of energy
input from supernovae with the rate at which the accreting
gas acquires binding energy. Then

1
2
ṁwv

2
esc = ṁ?✏K!SN, (12)

where vesc is the halo escape velocity, !SN = 1049!49 erg
M�1

� is the energy released in supernovae per unit mass of
star formation (determined by the stellar IMF and metal-

licity), and ✏K is the fraction of that energy released in the
wind. Here !49 is of order unity for a typical IMF. This sets
our fiducial feedback parameter to be

⌘E = 10✏K!49

✓
1011.5 M�

mh

◆2/3 ✓
9

1 + z

◆
. (13)

The prescription in equation (12) assumes that a fixed
fraction ✏K of the supernova kinetic energy is available to
lift gas out of the dark matter halo. In fact, the high densi-
ties and temperatures of supernova blastwaves at these early
times, as well as collisions between nearby ejecta, imply that
some fraction of the energy will be lost to radiative cool-
ing or other processes. If this fraction is large, feedback is
much less e�cient. A more conservative limit on the star
formation rate is therefore provided by momentum conser-
vation. We compare the momentum released in supernovae
(or other feedback mechanisms, like radiation pressure) to
the momentum required to lift the gas out of the halo at the
escape velocity. We write the momentum injection rate as

Ṗ = ⇡fidṖ0

✓
ṁ?

M�/yr

◆
, (14)

where ⇡fid is of order unity for a typical IMF and Ṗ0 =
2⇥ 1033 g cm/s2 (which equals the momentum input from a
Salpeter IMF with solar metallicity). If a fraction ✏p of this
momentum is used to drive a wind, we have ✏p⇡fidṖ0ṁ? =
ṁbvesc, or

⌘p = ✏p⇡fid

✓
1011.5 M�

mh

◆1/3 ✓
9

1 + z

◆1/2

. (15)

Because feedback transitions between these two
regimes, and because other physics is most certainly relevant
as well, we will allow for a more general form and param-
eterize the feedback e�ciency as a power law in mass and
redshift,

⌘ = C

✓
1011.5 M�

mh

◆⇠ ✓
9

1 + z

◆�

, (16)

where C is a normalization constant that can be fixed by
comparison to observations for a given set of power law
indices. Sun & Furlanetto (2016) found that ⇠ ⇠ 1/3–2/3
(bracketed by our energy and momentum conservation mod-
els) provides an adequate fit to the observed luminosity
functions at z >⇠ 6, but the redshift evolution is less well-
quantified and other mass dependence is certainly allowed.

Figure 2 shows the star formation e�ciency in several
models that provide adequate fits to the existing observa-
tional data, (see below). The thick and thin curves show
the results at z = 8 and 15, respectively. The solid lines
take our fiducial energy-regulated wind model with ✏K = 0.1
and f?,max = 0.1, typical parameters for a supernova wind
model. Note that, at small masses, f? increases with red-
shift because the binding energy of the host halo does as
well, allowing more star formation before the wind breaks
out. The dot-dashed curves show the momentum-regulated
wind model with ✏K = 0.2 and f?,max = 0.2. The short-
dashed line shows a version motivated by the mass scaling
of the energy-regulated feedback, with ⇠ = 2/3, but with no
redshift dependence (� = 0). The overall normalization cor-
responds to ✏K = 0.2 at z = 8. A larger value of ✏K decreases
the overall star formation rate because more of the super-
nova energy is used to drive winds. Finally, the long-dashed

MNRAS 000, 1–18 (2015)

Mirocha, Furlanetto, & Sun (2017) Furlanetto, Mirocha+ (astro-ph/1611.01169)

Empirical calibration

“Minimalist” physical model

Not a constant! Typically < 10%.
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LF-Calibrated Models
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LF-Calibrated Models
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�0.6if



Mirocha et al., submitted

extremum for  
105 realizations

Expanded PopII Model Set



Summary: Part I
• Galaxy LFs provide solid anchor for global 21-cm 

predictions. 

• Deep, ~100 MHz trough is a generic feature. 

• Caveat: completely neglected smallest halos. 

• Bright side: rule out these models, strong evidence of 
new sources? 

• How important are very small halos likely to be? Hope 
of unique signature?



Part II: PopIII Signatures



Quick Estimate

Ṁ⇤ =
N⇤M⇤

⌧
ms

+ ⌧
recov

⇡ 2⇥ 10�5 M� yr�1

How many PopIII host halos at high-z? ~1-10 cMpc-3, so

Assume 1 star-forming site per halo:

That’s not great news. 100-1000x less than SFRD at z~6.

1 100 Msun

5 Myr 0 Myr

⇢̇⇤,iii . 2⇥ 10�4 M� yr�1 cMpc�3



But…

so you’re sayin’ there’s a chance…

HMXBs  
observed locally,  

e.g., Mineo+ 2012

e.g., Mirabel+ 2011f• ⇠ 1 ?for PopIII:

LX ⇠ 2⇥ 1039erg s�1

 
Ṁ⇤

M� yr�1

!

⇥
⇣ ✏

0.1

⌘✓ f•
10�3

◆✓
fbin
0.5

◆✓
⌧

20 Myr

◆✓
fsur
0.2

◆✓
fact
0.1

◆

fX,iii



Simple PopIII SF Model
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• PopIII stars begin forming in halos 
with Mh > Mmin, Mmin set by JLW. 

• Assume single site of star formation 
per halo, SFR is free parameter. 

• Transition to PopII occurs after 
fixed time interval or when critical 
binding energy surpassed (both 
free parameters). 

• Metal production vs. retention 
hack.



Characteristics of PopIII
Mirocha et al., submitted

PopII

PopIII

see also, e.g., 
Trenti & Stiavelli (2009), Xu+ (2016), Mebane+, in prep.

t=2.5 Myr

t=25 Myr

t=250 Myr



Basic Features of PopII

Mirocha et al., submitted

Shallow 
troughs 

=  
stronger 
emission 

peaksPopII

will use this 
as PopII model 
from here on 



Impact of PopIII
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Expanded PopIII Model Set
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Expanded PopIII Model Set
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Expanded PopIII Model Set
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Expanded PopIII Model Set
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Expanded PopIII Model Set

SFR = 10-6 Msun/yr

SFR = 10-5 Msun/yr

SFR = 10-4 Msun/yr

SFR = 10-3 Msun/yr



Expanded PopIII Model Set



fX,iii = 0 fX,iii = 1 fX,iii = 10 fX,iii = 25 fX,iii = 50

Final set: 4-D grid, ~105 total models.

…

Expanded PopIII Model Set

Will now slice through grid, re-project into  
variety of diagnostic spaces.



Mirocha et al., submitted

extremum for  
105 realizations

Expanded PopII Model Set



PopII vs. PopIII

PopII
PopII+PopIII

Mirocha et al., submitted



Remember it’s 
really that the 

shape is 
different, not 

just the 
amplitude. 

PopII vs. PopIII

Mirocha et al., submitted



Shape Diagnostic: 

RL

Mirocha et al., submitted

A

A = R� L



Shape Diagnostic: 

FWHM

Mirocha et al., submitted

max depth

W =
FWHM

max depth

W



Mirocha et al., submitted

PopII

PopII vs. PopIII
PopII-only models ~symmetric at half-max point



Mirocha et al., submitted

PopII
PopII+PopIII

PopII vs. PopIII

fX,iii

PopIII skews signal to high frequencies.



Summary: Part II
• Addition of PopIII only changes ~100 MHz trough 

result under extreme circumstances.  

• However, the resultant signals are more asymmetric, 
with characteristic ~10-20 MHz skew toward high 
frequencies. 

• Due to slowly evolving heating rate density of IGM. 

• Potential competition: DM heating? 



• PopII-only models: deep, 
~100 MHz, and symmetric 
troughs. 

• PopIII indicator: asymmetry in 
global 21-cm signal 
absorption trough. 

• Observational limits are 
creeping into the ~100 MHz 
-200 mK range, so stay tuned!

Monsalve+ accepted (EDGES) 
Singh+ submitted (SARAS)

PopII
PopII+PopIII

Summary



Questions?


