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Our research group
Cosmology Theory + Radio Astronomy

6 faculty members, 1 engineer, ~20 graduate students

vLeads projects:
ØTianlai 21cm intensity mapping experiment
ØDSL lunar orbit array project

vParticipating:
ØChinese Space Station Optical Survey (CSS-OS)
ØFive hundred meter spherical telescope (FAST)
ØSKA: Cosmology and CDEoR workgroup
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The Tianlai (heavenly sound) Experiment

• Cylinder pathfinder : 3x15m x 40m, 96 feeds
• Dish Pathfinder: 16 x 6m

frequency: 700-800MHz, can be tuned in 600~1420MHz



l Neutral Hydrogen（HI）produce spectral line of 1420MHz
in Frequency or 21cm in wavelength, superimposed on the
radiation background

l Strong Absorption line can be produced by Dark Age and
Cosmic Dawn (XC & J. Miralda-Escude 2004,2008)

l These are now redshifted to low frequencies

The Light in the dark age——21cm line



Global Spectrum Experiments

EDGES SCI-HI

SARAS-2

For global signal (at least for relatively bright low
frequency sky), antenna area is not important, so a
single dipole could be used

PRIZM

BIGHORN
LEDA

MIST

SARAS-3



Results from the EDGES Experiment

Vedantham & Koopermans (2015）

The effect of Ionosphere

Barkana 2018

excluded

no cooling

EDGES

Bowman et al. 2018



Effect of Ionosphere

Vedantham & Koopermans (2015）

Refraction and Absorption Reflection of RFIs

Go to space! Avoid the ionosphere,
and get rid of ground reflection!



Sky in different wavelengths

Low Frequency (RAE-2 satellite)
mm Sky Map (Planck Satellite)

Gamma-ray Sky Map (Fermi Satellite)
408 MHz Sky Map

Due to ionosphere
absorption, the sky
below 30MHz is still
largely unknown



Ultimate Cosmic Probe

Peering into the Dark (Ages) with  
Low-Frequency Space Interferometers 

Using the 21-cm signal of Neutral Hydrogen from  
the Infant Universe to probe Fundamental (Astro)Physics 
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In summary, we require: 

• A collecting area of ~10 km2 (f=1, 4) to reach a S/N>10 at k=0.01-0.1 Mpc-1 at z=30 within a 5-year mission 
lifetime, with 10MHz BW (i.e. redshift range), assuming all-sky imaging. 

• A collecting area of ~100 km2 to reach a S/N>10 at k~0.01-0.1 Mpc-1 at z=50 within a 5-year mission lifetime, 
with 10MHz BW (i.e. redshift range), assuming all-sky imaging. 

We conclude that to measure the 21-cm signal from the Dark Ages from z~30 up to z~50, any space-based low-
frequency interferometer should have a lifespan of at least 5 years, a collecting area of >1 km2 (M-mission scale) for 
first results, expandable to 100 km2 (L-mission scale), a filling factor of unity and all-sky. field of view to reach the 
minimum S/N>10 for both power-spectrum and tomography over at least one dex. in spatial scale. The  technical 
requirement of such a generic instrument (CoDEX) are summarised in Table.2. 

Mission concept considerations 

We now look in particular at a swarm of (cube)sats and/or connected receivers, either in sun-earth or lunar L2, in lunar 
orbit or on its surface. Each option has commonalities, requiring large collecting areas, a high filling factor and a large 
field of view. We again refer to this generic concept as CoDEX, the Cosmic-dawn Dark-ages EXplorer. 

Free-space mission concept:  

Based on previous designs for space-based, low-frequency, interferometry missions such as DARIS (Daris, 2010), 
SURO, HEIMDAL, DARE (Burns et al. 2012) and OLFAR (Engelen 2010), and most recently DEX (Klein Wolt et al. 
2013), a generic space-based mission concept could be as follows. 

๏ The individual antennas are (semi)omni-directional di or tripoles (active antennas), with their sensitivity optimised 
in the 1-80 MHz regime over a bandwidth of 40 MHz. An array of core antennae can be placed on inflatable/
foldable space structures or connectable nano-satellites, putting them in a (regular) grid (‘core’) to provide a high 
filing factor (f~1) optimally sensitive to the very 21-cm faint signals, surrounded by outer antennae (e.g. free-
floating satellites) to enable the higher resolution imaging. 

๏ The free-floating antennas are mounted on nano or small satellites that provide power (solar panels) and basic 
processing (RFI excision, FFT and averaging algorithms) and communication. Together with a mother-ship, 

CoDEX Mission Dark Ages z=30, 
Power Spectra

Dark Ages z=30, 
Tomography

Dark Ages z=50, 
Power Spectra

Dark Ages z=50, 
Tomography

CoDEX  
(1 km2) 
M-class

S/N~10 for  
k~0.01-0.1

S/N~5 for  
k=0.01

S/N<1 S/N<1

CoDEX  
(10 km2) 
L-class

S/N~10-100 for 
k~0.01-1.0

S/N~10-100 for  
k~0.01-0.1

S/N>10 for  
k~0.01-1

S/N>10 for  
k~0.01

CoDEX  
(100 km2) 
L-class

S/N~100-1000 for 
k~0.01-1.0

S/N~10-1000 for 
k~0.01-0.4

S/N>100 for  
k~0.01-1

S/N~10-100 for 
k~0.01-0.1

Table 1: CoDEX expected 21-cm signal S/N ratios for a 5 year mission lifetime assuming full-sky imaging. Image cubes have 
a depth of 10 MHz, centred on these redshifts.For the S/N calculation we assume the fiducial model as predicted from ΛCDM. 
The orange coloured boxes correspond to Fig.8. The green boxes reach our minimum power-spectrum requirements of S/N>10 
over one dex in k-modes and the orange and blue boxes exceed these (either in S/N or k-mode range) for both power spectrum 
measurements and tomography.



Experiments during CE-4 mission

l CE-4 Lander

l Netherland-China Low frequency 
Experiment (Relay Satellite)

l Longjiang Orbiting satellites 
(piggy-back on relay satellite 
launch)



Longjiang Satellites

l Orbit: 21 hour elliptic orbit, 350 – 13700 km

l working time per orbit: 10-20 min.

l LJ-1 lost shortly after launch

self-generated RFI



Preliminary Result

The RFI from Earth is clearly blocked



Lunar Orbit Array DSL（鸿蒙计划）

l To obtain high resolution sky map at ultralong wavelength, 
openning up new window in eletromagnetic spectrum

l high precision measurement of global spectrum, to probe dark 
age and cosmic dawn

A first step: an interferometer array with 1 mother +5~8 
daughter satellites in lunar orbit

l lunar satellite: no need for landing

l Lunar orbit period is a few hours, 
can use solar power

l Observe in the backside of moon, 
and transmit data back in front 
side, no need for relay satellite



Interferometry

D
lq ! θ <1O 10km aperture

real aperture X

vertual aperture

Interferometer measure cross-correlation of
two units outputs, the resulting “visibility”
gives Fourier components of sky intensity

For the wavelength (10m~300m) of our interest, it is
impractical to achieve good angular resolution with single
antenna

baseline

de
lay

far field point
source

a b

Measured Visibilities Image



Key Technology and Challenges

• Satellite Formation Fly in lunar orbit with
large variation on scales

• Precision Measurement of Relative 
Positions and synchronization

• High precision calibration of phase and
amplitude

• Imaging algorithm with large field of view,
3D baseline distribution, and time-
dependent blockage

• Electromagnetic interference (EMI) 
suppresion and removal



System Performance Analysis

l Angular Resolution

10 km
baseline

30 km
baseline

100 km baseline

1MHz 1.7° 0.57° 0.17°

10MHz 0.17° 0.057° 0.017°

30MHz 0.057° 0.019° 0.0057°

ISM and IPM scattering

l Depolarization

l Dispersion and Scattering

Δt= 4.15 x 103 DM (ν/MHz)-2 s

Observing pulsars and FRBs would
be hard due to very large dispersion
delays

The angular resolution is limited by
scattering, 100km baseline sufficient

At this frequency, linear
polarization is greatly reduced by
depolarization. Circular
polarization may be observable.

Diffraction Limit



Some Key Parameters

System Parameter
Number of Satellites 1 mother + 5~8 daughters

Orbit 300km lunar cirlcular orbit，about 300 inclination

Baselines 0.1~100km
angular resolution <0.2 degree@1MHz，0.012 degree@30MHz

Individual

Frequency 1MHz~30MHz（interferometry incl. spectrum）
30MHz~120MHz（global spectrum）

Baseline prescision &
Synchronization < 1m, 3.3 ns

Inter-satellite
data communication >20Mbps each daughter satellite



Interferometer Array Realization

No need for high precision adjustment of satellite positions, but do need high
precision of relative position measurement

• Synchronization, Distance Measurement, Data Communication: microwave link
between mother and daughter satellites

• Angular position: mother satellite carrying blinking LED lamp, daughter
satellites use star sensor to determine position

69

4 机载试验验证——干涉测量试验

⚫圆形编队干涉测量——夜间试验
◆Drone A携带CRS-A，LFIS-A   夜间携带测角设备

◆Drone B携带CRS-B，LFIS-B

◆Drone C携带CRS-C，LFIS-C

◆地面配置点源

Drone A在100m高空以半径
200m 画 圆 ， Drone B 、
Drone C以同样的角速度在
50m 高空以半径 100m 和
200m画圆， 姿态实时调整

，保持CRS的对准状态。

100m

Drone A
Light

点源

Drone CDrone B

50m

120

ground test with drones



Ground Test with Drones
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single flight

Formation flight

artificial source



Synthesis Imaging with Lunar Orbit Array

l Conventional radio astronomy interferometer array: For nearly
planar array, small field of view, small-w approximation: 2D FFT

l For large FOV, or non-planar array, needs to take into account of
the w-term:

3D Fourier transform:

w-projections:

w-stacking:

Interferometer Equation:



Problems

baselines
mirror symmetry

But here we face the following problems: 
n whole sky field of view,
n problem of mirror symmetry,
n 3D distribution of baselines
n Position-dependent blockage

Position-dependent blockage by moon:
visibility for each baseline has different
part of sky blocked by the Moon!

Kill two birds with one stone:
3D baselines actually solves
the mirror symmetry problem



Image Reconstruction

l Fundamentally, the relation between the sky
intensity and visibility is a time-dependent (but
known) linear map.

l So one can invert the map and obtain the image.

l Spherical Harmonic Expansion can be employed
to reduce computation

B=A S(t) I, S: screening by Moon



Break mirrow symmetry by 3D baselines

3D baseline distribution
planar
baselines

70%
planar
baselines

full 3D
baselines

10 Yuan Shi

(a) 1.5MHz: ideal situation. (b) 1.5MHz: with noise. (c) 1.5MHz: with moon blockage
and noise.

(d) 1.5MHz: with moon blockage,
noise, antenna response and digital
correlation limit.

(e) 10MHz: ideal situation. (f) 10MHz: with noise. (g) 10MHz: with moon blockage
and noise.

(h) 10MHz: with shade, noise, an-
tenna response and digital correla-
tion limit.

Figure 9. Top: The reconstructed sky maps for different cases (a)∼(h). Bottom: The relative error maps. Parameters in these simulations are also listed in
footnotes of Table 3.

Table 3. The influences of different practical issues on the full-sky imaging results for 1° resolution (nside=64).

Case Frequency
(MHz) Description MSE (K) RS SSIM

(a) 1.5 Ideal case 1.591 × 1010 1.000 1.000
(b) 1.5 with noise1 2.593 × 1011 0.995 0.969
(c) 1.5 with noise1, moon blockage 3.591 × 1011 0.993 0.959

(d) 1.5 with noise1, moon blockage, antenna
response and digital correlation limit 6.710 × 1011 0.985 0.928

(e) 10.0 Ideal case 1.033 × 107 1.000 0.997
(f) 10.0 with noise1 — — —
(g) 10.0 with noise1, moon blockage 5.737 × 107 0.995 0.964

(h) 10.0 with noise1, moon blockage, antenna
response and digital correlation limit 3.933 × 108 0.958 0.0.935

Parameters in this simulation: Integration time (!int): 26.25 s at 1.5 MHz, 3.94 s at 10.0 MHz; Total
observation time (!obs): 1.3 year; Length of baselines (Logarithmically distributed): 1.0, 9.0, 10.0,
22.0, 31.0, 32.0, 68.0, 90.0, 99.0, 100.0 km.

1 The system noise is 6.810 × 105 K for the above frequency and integration time at 1.5 MHz and
2.577 × 105 K at 10.0 MHz.

MNRAS 000, 000–000 (0000)

simulation with noise
(Y. Shi et al., in preparation)

Q. Huang et al., AJ, 2018



Simulating the galactic foreground

2

At . 10 MHz, the existing sky models based on ex-
trapolation are grossly inadequate, because the free-free
absorption and synchrotron self-absorption (Orlando &
Strong 2013; Ghisellini 2013) become very significant.
In the Galactic di↵use ISM the former is much more
important (Scheuer & Ryle 1953; Shain 1959; Hurley-
Walker et al. 2016). Free-free absorption is the inverse
process of bremsstrahlung (free-free) radiation, so it is
proportional to the square of free electron density. For
dense electron clumps, say those in HII regions, the free-
free absorption e↵ect has already been observed at even
higher frequencies with the Murchison Widefield Array
(MWA) (Su et al. 2017, 2018). The absorption level de-
pends not only on the smoothed distribution, but also on
the small-scale turbulence. Free-free absorption is prob-
ably the reason of the Galactic global spectrum (GGS)
downturn at . 3 � 5 MHz, as observed by the IMP-6
(Brown 1973) and RAE-2 (Novaco & Brown 1978; Cane
1979) space satellites, though it is also possible that the
intrinsic energy spectrum of the cosmic ray particles be-
comes softer at low energy(Strong & Moskalenko 1998).
A sky model for the ultra-long wavelengths has to take
into account the free-free absorption so as to give a rea-
sonable prediction for the upcoming observations.

In this work, we develop an observation-based sky
model that is still valid below ⇠ 10 MHz, by includ-
ing the free-free absorption e↵ect. We start with a de-
scription of our methods in Sec. 2, which incorporate a
fitting result for the Galactic synchrotron spectral index,
a fitted Galactic synchrotron emissivity, and an adopted
electron density distribution that is responsible for the
free-free absorption. The main results are given in Sec.
3, including the model with constant spectral index, the
model with frequency-dependent spectral index and the
one with the spatially-variant spectral index. At last,
we summarize our main conclusions in Sec. 4. A brief
description of our software is presented in the Appendix.

2. METHODS

The free-free absorption becomes significant at low fre-
quencies. The optical depth can be written as the inte-
gration of the absorption coe�cient, ⌫ , along the line
of sight,

⌧(⌫, s) =

Z s

0

⌫ (ne, Te) ds
0
, (1)

where ne and Te are the electron density and tempera-
ture at s

0 respectively. For constant electron tempera-
ture, the following approximation holds (Condon & Ran-
som 2016),

⌧⌫ ⇡ 3.28⇥10�7

✓
Te

104 K

◆�1.35 ✓
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GHz

◆�2.1 ✓ EM

pc cm�6

◆
,

(2)

where the emission measure (EM) is the integration of
electron density squared at all scales,

EM

pc cm�6
=

Z ✓
ne

cm�3

◆2

d

✓
s

pc

◆
. (3)

The ISM inside the Milky Way, the circum-galactic
medium (CGM), and the intergalactic medium (IGM)
can all absorb low frequency radio waves. We can make
some simple estimates to assess the absorption on the
various astrophysical scales.

Regarding the CGM, van de Voort et al. (2019) has in-
vestigated the distribution of the hydrogen surrounding
Milky Way-size galaxies from high resolution zoom-in
cosmological hydrodynamic simulations with star for-
mation. They presented the column number density of
the hydrogen as a function of r in their Figure 2. We
adopt a similar radial density profile, and assume that
the free electrons density follow the same distribution,
with a clumping factor of ⇠ 3 and CGM electron tem-
perature of ⇠ 105 K. We find ⌧CGM = 0.9, 0.09 and 0.007
for 1, 3 and 10 MHz respectively. If, however, there are
some cooler dense clumps in the CGM, the absorption
would be stronger. Thus, the CGM is nearly transparent
above 1 MHz, but becomes opaque below 1 MHz.

The EM of the IGM up to a redshift z is

EM =

Z z

0

⌫0

⌫
CIGM(z0)n̄2

e
(z0)dr0p, (4)

where CIGM(z0) is the clumping factor at z0, n̄e(z0) is the
mean free electrons density at z

0, and dr
0
p = cdz

0
/[(1 +

z
0)H(z0)] is the proper distance element at z0. Note that

to use the EM as in Eq. (2), we add the factor ⌫0/⌫

to correct for the redshift-dependence of the absorption
for a given observing frequency at ⌫. Since ⌫ / ⌫

�2.1

(Condon & Ransom 2016) and ⌫
0 = ⌫(1 + z

0), we have
⌫0/⌫ = (1 + z

0)�2.1. Hence
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0)3]2
cdz

0

(1 + z0)H(z0)
,

where n̄H ⇡ 1.89 ⇥ 10�7 cm�3 is the mean hydrogen
number density of the Universe at present, fe is the ratio
between IGM free electrons and the hydrogen. We use
the tanh model to describe the reionization history for
both HI and HeI, and HeII, i.e.

f
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=
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Figure 1. The IGM mean optical depth for ⌫ = 1, 3, 10MHz
to redshift z.

and

fe = f
HI,HeI

e
+ (nHe/nH)fHeII

e
. (7)

Here y(z) = (1 + z)3/2, yre = y(zre), �y = 3/2(1 +
zre)1/2�z, and nHe/nH ⇡ 0.083. For HI and HeI, we
assume zre = 7.68 and �z = 0.5, and for HeII, we adopt
zre = 3.5 and �z = 0.5 (Planck Collaboration et al.
2018). We use the clumping factor model that fits reion-
ization simulations presented in Iliev et al. (2007), but
renormalize it to be 3.0 at z = 5, i.e.

CIGM(z) = 6.8345 exp(�0.1822z + 0.003505z2). (8)

We show the free-free absorption optical depths by the
IGM at frequencies 1, 3 and 10 MHz as a function of z
in Fig. 1. The optical depth is low even at 1 MHz.

Next we consider the ISM, which is much denser than
the IGM and CGM. The observed sky brightness tem-
perature in the direction given by Galactic coordinates
(l, b) is the sum of the Galactic radiation TG(⌫, l, b) and
the extragalactic background TE(⌫),

T (⌫, l, b) = TG(⌫, l, b) + TE(⌫)

=

Z sG

0

✏(⌫, R, Z,�)e�⌧(⌫,s)
ds + T

iso

E
(⌫)e�⌧(⌫,sG)

,

(9)

where sG is the maximum distance to the edge of the
Galaxy along any line of sight, ✏ is the three-dimensional
radiation emissivity in Galactic-centric cylindrical co-
ordinates (R,Z,�), and ⌧(⌫, s) is the free-free absorp-
tion optical depth integrated up to a distance of s.
Here we set sG = 50 kpc. T

iso

E
is the extragalactic ra-

dio background for which we assume to be isotropic in
the first approximation. With models of an extragalac-
tic radio background T

iso

E
at ultra-long wavelengths, a

three-dimensional emissivity ✏(⌫, R, Z,�), and a three-
dimensional distribution of free electrons in the Milky

Way ne, we can derive the sky map at the required fre-
quencies from Eq. (9). In the following subsections, we
describe the modeling of T iso

E
, ✏, and ne respectively.

2.1. The isotropic extragalactic background

The extragalactic background is assumed to be largely
isotropic, and a summary of some past results is given
in Guzmán et al. 2011. Two methods are commonly
used to extract it from the observed sky maps (Kogut
et al. 2011; Sei↵ert et al. 2011). In the first approach
the Galactic radiation is described by a plane-parallel
model, so the total radiation is

T (⌫) = T
iso

E
(⌫) + TG(⌫) ⇥ csc|b|, (10)

where both T
iso

E
and TG depend only on frequency. In

the second approach, the Galactic radiation is derived
from a tracer, usually the Galactic [CII] emission, say

T (⌫) =
2X

i=1

T
iso

E,i(⌫) + ai(⌫) ⇥
p

ICII, (11)

where ICII is from the CORE/FIRAS measurements.
In practice, all coe�cients are fitted from observed ra-
dio maps and these two methods give consistent re-
sults (Kogut et al. 2011; Dowell & Taylor 2018). How-
ever, whether the extracted isotropic background really
originates from extragalactic sources is still being de-
bated. Sei↵ert et al. (2011) extracted a background
which is larger than the integrated radio emission of ex-
ternal galaxies (Gervasi et al. 2008). The excess could
be from unknown extragalactic source populations, or
could be unaccounted Galactic foreground (see also Sub-
rahmanyan & Cowsik 2013).

Here we assume that the isotropic background is from
extragalactic sources. We adopt the following simple
model of isotropic extragalactic background,

T
iso

E
(⌫) = 1.2

✓
⌫

1 GHz

◆�2.58

[K]. (12)

This is the fit obtained by the ARCADE-2 balloon ex-
periment, which observed the absolute brightness tem-
perature of the sky between 3 and 90 GHz (Sei↵ert et al.
2011), minus the cosmic microwave background (CMB).
This is in good agreement with the fit obtained from
the Long Wavelength Array (LWA) (Dowell & Taylor
2018) below 100 MHz. Strictly speaking, “background”
is the cumulative radiation from unresolved sources, so
it depends on the sensitivity and angular resolution of
the telescope. For simplicity we directly use the back-
ground fit given by the ARCADE-2 experiment, since in
our model we do not specify any particular instrument.

Observed sky

Fit Sky model at high frequency

emission measure model

ISM electron density (absorption) model (NE2001)
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In addition to the absorption by our Milky Way, the
extragalactic radio background would also be absorbed
by the ISM in the host galaxies. Moreover, the spectrum
of relativistic electrons could become softer at lower en-
ergy, resulting in softer extragalactic radio background
(Protheroe & Biermann 1996). In a recent estimate for
extragalactic radio background, Niţu et al. (2020) found
the extragalactic radio background deviates from power-
law below ⇠ 1 MHz. In Sec. 3.3 we investigate the case
that the extragalactic radio background is not a power-
law form.

2.2. The absorption-free sky map

We first derive the synchrotron spectral index from
the observed sky maps at frequencies where absorption
is assumed to be negligible. At low frequencies, there
are full-sky maps at 408 MHz (Haslam et al. 1974, 1981,
1982) and 1.42 GHz (Reich 1982; Reich & Reich 1986;
Reich et al. 2001). Here we use the Haslam 408 MHz
map as the base, assuming that in the absence of ab-
sorption, the brightness temperature of the Galactic ra-
diation follows a power-law form (Platania et al. 1998;
Kogut 2012; McKinley et al. 2018),

TG(⌫) = TG(⌫⇤)

✓
⌫

⌫⇤

◆�G

, (13)

where ⌫⇤ = 408 MHz. We determine �G by minimizing
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X
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1

T
2
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"
TE(⌫j) + TG,i(⌫⇤)

✓
⌫j

⌫⇤

◆�G

� Ti(⌫j)

#2

, (14)

where Ti(⌫j) is the observed brightness temperature of
the i-th pixel in the sky-map at frequency ⌫j , TG,i(⌫⇤)
is the Galactic radiation for the i-th pixel at ⌫⇤. The
summation is performed for all available pixels at all
observed frequencies of our selected data.

Below several hundred MHz, there are observed sky
maps, each of which covers a part of the sky. In deter-
mining the spectral index, in addition to the Haslam 408
MHz map, we use a selection of observations that have
large sky coverages: the 45 MHz sky map in combina-
tion of two observations (Guzmán et al. 2011), and the
35 MHz1, 38 MHz, 40 MHz, 50 MHz, 60 MHz, 70 MHz,

1 Using Eq. (2) and electron model in Sec. 2.4, we check that at
this frequency, for most of the sky regions the free-free absorption
is negligible, except at a very thin plane with b ⇠ 0� and near the
Galactic center where the optical depth could be up to⇠ 1 , so it is
safe to include this low frequency observations when constructing
the absorption-free map.

Figure 2. Simple extrapolation of the Haslam 408 MHz
map (galactic coordinates) to 1 MHz without absorption.

74 MHz, and 80 MHz maps observed by the LWA (Dow-
ell et al. 2017). The Guzman 45 MHz map covers 96% of
the sky, with resolutions of 4.6�⇥2.4� and 3.6�⇥3.6� for
the southern and northern sky respectively. It combines
two surveys performed by devices of similar character-
istics. All of the LWA maps cover a total of about 80%
of the sky, with resolutions ranging from 4.8� ⇥ 4.5� to
2.1� ⇥ 2.0�. As the di↵erent maps have di↵erent angu-
lar resolutions, we smooth all the maps with a beam
with FWHM = 5� when deriving the power-law index.
Our fiducial model assumes that the spectrum index is
a constant, but we will also investigate a model with a
frequency-dependent spectral index in Sec. 3.3 and a
model with spatial variations in the spectral index in
Sec. 3.4.

Using the above method, we derive a spectral index
�G = �2.49 for the Galactic synchrotron radiation. This
is actually quite similar to the spectral index of the ex-
tragalactic background, �E = �2.58. In Fig. 2 we plot
the 1 MHz sky map that is extrapolated from Haslam
408 MHz map using �G = �2.49 for the Galactic compo-
nent and �E = �2.58 for the extragalactic component.
As this is a simple power-law extrapolation, its struc-
ture is the same as the Haslam 408 MHz map, except
for di↵erent temperature scale. This map could be com-
pared with the absorption-included maps presented later
in this paper.

2.3. The galactic emissivity model

We tentatively adopt an axisymmetric form for the
galactic emissivity ✏. In the cylindrical coordinates, the
emissivity can be written as

✏(⌫, R, Z) = A

✓
R + r1

R0

◆↵

e
�R/R0e

�|Z/Z0|�
✓

⌫

⌫⇤

◆�G

.
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lar resolutions, we smooth all the maps with a beam
with FWHM = 5� when deriving the power-law index.
Our fiducial model assumes that the spectrum index is
a constant, but we will also investigate a model with a
frequency-dependent spectral index in Sec. 3.3 and a
model with spatial variations in the spectral index in
Sec. 3.4.

Using the above method, we derive a spectral index
�G = �2.49 for the Galactic synchrotron radiation. This
is actually quite similar to the spectral index of the ex-
tragalactic background, �E = �2.58. In Fig. 2 we plot
the 1 MHz sky map that is extrapolated from Haslam
408 MHz map using �G = �2.49 for the Galactic compo-
nent and �E = �2.58 for the extragalactic component.
As this is a simple power-law extrapolation, its struc-
ture is the same as the Haslam 408 MHz map, except
for di↵erent temperature scale. This map could be com-
pared with the absorption-included maps presented later
in this paper.

2.3. The galactic emissivity model
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galactic emissivity ✏. In the cylindrical coordinates, the
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Figure 8. The half brightness distance for 10, 3 and 1 MHz respectively (from left to right), shown in galactic coordinates.
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Figure 9. The optical depth distribution at 1 MHz as viewed from the Earth, project along the Z(left) and Y(right) axis of
the galactic coordinates respectively.

at face value, a possible solution of this discrepancy is
that there may be small-scale structures not modeled in
the current electron distribution model which enhances
the absorption. In order to reach consistent results with
the low-frequency observations at . 3 MHz, one can
enhance the absorption by adopting larger fluctuation
parameters for the Galactic di↵use components, or al-
ternatively, adopt a softer spectrum index at lower fre-
quencies. Since the thick disk has the largest influence
on the global mean sky brightness, we test the model in
which the thick disk has a larger fluctuation parameter
of F1 = 3.0, while keeping other parameters to be the
same as the NE2001 fiducial values. Note that the fidu-
cial value of this fluctuation parameter is F1 = 0.18 in
NE2001, so the optical depth is enhanced by more than
fifteen times. The results is the solid curve in Fig. 6,
which now agrees with the observational data below 3
MHz. The corresponding maps are shown in Fig. 7, for
frequencies 10, 3 and 1 MHz respectively.

The maps in Fig. 5 and Fig. 7 begin to show di↵erence
at 3 MHz, and the two 1 MHz maps are quite di↵erent.
For the 1 MHz map, in Fig. 7 one can see huge shadows
of the spiral arms and Galactic center component in the
sky map (the yellow-green regions at the leftmost and

rightmost, and near the center). On the other hand, for
regions near the Galactic pole, and at some voids, the
absorption is much weaker. Such directions would be
recommended for detecting extragalactic sources. There
are some dark spots, most of which are near the Galactic
plane. They are HII regions around massive stars or
SNRs, with enhanced absorption. For example near the
Galactic plane at around l ⇠ 270�, there is the Gum
Nebula. It is an ancient SNR with a distance between
200 pc and 500 pc (Woermann et al. 2001). So far, we
have not taken into account the radiation from these
sources themselves, so the brightness at their locations
may be underestimated in such models.

The IMP-6 satellite has detected maximum radiation
from the direction near Galactic poles at frequencies be-
low 2.6 MHz (Brown 1973), and the maximum modula-
tion reaches up to 30% at the lowest frequencies. Quali-
tatively, this is in line with our prediction that at ultra-
long wavelengths, the Galactic plane becomes darker be-
cause of the absorption, leaving brighter regions at high
Galactic latitudes. However, the IMP-6 has a poor res-
olution of ⇠ 100�. We checked that if we smooth our
map by FWHM⇠ 100�, the Galactic pole is just ⇠6%
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the galactic coordinates respectively.

at face value, a possible solution of this discrepancy is
that there may be small-scale structures not modeled in
the current electron distribution model which enhances
the absorption. In order to reach consistent results with
the low-frequency observations at . 3 MHz, one can
enhance the absorption by adopting larger fluctuation
parameters for the Galactic di↵use components, or al-
ternatively, adopt a softer spectrum index at lower fre-
quencies. Since the thick disk has the largest influence
on the global mean sky brightness, we test the model in
which the thick disk has a larger fluctuation parameter
of F1 = 3.0, while keeping other parameters to be the
same as the NE2001 fiducial values. Note that the fidu-
cial value of this fluctuation parameter is F1 = 0.18 in
NE2001, so the optical depth is enhanced by more than
fifteen times. The results is the solid curve in Fig. 6,
which now agrees with the observational data below 3
MHz. The corresponding maps are shown in Fig. 7, for
frequencies 10, 3 and 1 MHz respectively.

The maps in Fig. 5 and Fig. 7 begin to show di↵erence
at 3 MHz, and the two 1 MHz maps are quite di↵erent.
For the 1 MHz map, in Fig. 7 one can see huge shadows
of the spiral arms and Galactic center component in the
sky map (the yellow-green regions at the leftmost and

rightmost, and near the center). On the other hand, for
regions near the Galactic pole, and at some voids, the
absorption is much weaker. Such directions would be
recommended for detecting extragalactic sources. There
are some dark spots, most of which are near the Galactic
plane. They are HII regions around massive stars or
SNRs, with enhanced absorption. For example near the
Galactic plane at around l ⇠ 270�, there is the Gum
Nebula. It is an ancient SNR with a distance between
200 pc and 500 pc (Woermann et al. 2001). So far, we
have not taken into account the radiation from these
sources themselves, so the brightness at their locations
may be underestimated in such models.

The IMP-6 satellite has detected maximum radiation
from the direction near Galactic poles at frequencies be-
low 2.6 MHz (Brown 1973), and the maximum modula-
tion reaches up to 30% at the lowest frequencies. Quali-
tatively, this is in line with our prediction that at ultra-
long wavelengths, the Galactic plane becomes darker be-
cause of the absorption, leaving brighter regions at high
Galactic latitudes. However, the IMP-6 has a poor res-
olution of ⇠ 100�. We checked that if we smooth our
map by FWHM⇠ 100�, the Galactic pole is just ⇠6%

optical depth at 1 MHz
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Figure 14. Sky maps (galactic coordinates) at (from top
to bottom) 10, 3 and 1 MHz for the model with spatially
varying spectral index.

4. CONCLUSIONS

In this work, we have developed an ultra-long wave-
length radio sky model that is valid below ⇠ 10 MHz.
We first derive a cylindrical emissivity from the observed
all-sky map at 408 MHz, extrapolate it to ultra-long
wavelength using a power-law form, and then add the
free-free absorption by the Galactic di↵use free electrons

and some small-scale dense HII regions. The spectral
index of the power-law is derived from observed multi-
wavelength radio maps and the Galactic free electrons
distribution is from the NE2001 model.

We found that if we use a constant spectral index
�G = �2.49 for Galactic synchrotron radiation and
adopt the fiducial fluctuation parameter for thick disk
(F1 = 0.18) in Galactic electron model NE2001, we
would over-predict the mean sky brightness at . 3 MHz
compared with the observations by space satellites. The
observed mean sky brightness spectrum (the specific in-
tensity) turns over at ⇠ 3 MHz. To solve the problem,
either the Galactic di↵use electrons have much larger
small-scale fluctuations than modeled by NE2001, or the
intrinsic synchrotron radiation spectrum itself has shal-
lower slope at . 3 MHz. We investigated both solu-
tions. The morphology of predicted sky maps in these
two cases are quite di↵erent, therefore, in the future a
high resolution ultra-long wavelength sky survey could
potentially distinguish them. Moreover, we also inves-
tigated a model in which the spectral index has spatial
variations.

In particular, we found that, at ultra-long wave-
lengths, the Galactic plane would be darker than higher
Galactic latitude regions. Moreover, one can see the
shadows of spiral arms from the sky map, particularly
at frequencies as low as ⇠ 1 MHz. From the multi-
frequency sky maps one can obtain the 3D information
of the Galactic di↵use electrons and emissivity distribu-
tion. Our model would be a useful tool for simulating
the ultra-long wavelength sky, on which the design of
upcoming experiments could be based.

We have made our model data publicly available, in-
cluding the maps at di↵erent frequencies for di↵erent
models, and some animated figure. All the data could be
downloaded from https://github.com/Yanping-Cong/
Data.
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21cm line: ultimate cosmological probe

The observable Universe in comoving scale

Loeb & Zaldarriaga 2004: 21cm line can in principle probe orders
of magnitude more primordial Fourier modes than CMB

a total of N21cm ∼ 3×1016(lmax/106)3(∆ν/ν)(z/100)−1/2

independent samples.
This detection capability cannot be reproduced even

remotely by other techniques. For example, the pri-
mary CMB anisotropies are damped on small scales
(through the so-called Silk damping), and probe only
modes with l ≤ 3000 (k ≤ 0.2 Mpc−1). The total num-
ber of modes available in the full sky is Ncmb = 2l2max ∼
2×107(lmax/3000)2, including both temperature and po-
larization information.

Detectability of signal. The sensitivity of an experi-
ment depends strongly on its particular design, involving
the number and distribution of the antennae for an in-
terferometer. Crudely speaking, the uncertainty in the
measurement of [l(l + 1)Cl/2π]1/2 is dominated by noise,
Nν , which is controlled by the sky brightness Iν at the
observed frequency ν [6],

Nν∼ 0.4mK

!

Iν

5 × 105Jy sr−1

" !
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ν

"5/2

, (11)

where lmin is the minimum observable l as determined
by the field of view of the instruments, lmax is the max-
imum observable l as determined by the maximum sep-
aration of the antennae, fcover is the fraction of the ar-
ray area thats is covered by telescopes, t0 is the obser-
vation time and ∆ν is the frequency range over which
the signal can be detected. The numbers adopted above
are appropriate for the inner core of the LOFAR ar-
ray (http://www.lofar.org), planned for initial opera-
tion in 2006. The predicted signal is ∼ 1mK, and
so a year of integration or an increase in the cover-
ing fraction are required to observe it with LOFAR.
Other experiments whose goal is to detect 21cm fluc-
tuations include SKA (http://www.skatelescope.org) and
PAST (http://astrophysics.phys.cmu.edu/∼jbp). The
main challenge in detecting the predicted signal involves
its appearance at low frequencies where the sky noise
is high. Proposed space-based instruments [18] avoid
the terrestrial radio noise and the increasing atmospheric
opacity at ν <∼ 20 MHz (corresponding to z >∼ 70).

Final comments. The 21cm absorption is replaced by
21cm emission from neutral hydrogen as soon as the in-
tergalactic medium is heated above the CMB tempera-
ture during the epoch of reionization [13]. Once most of
the cosmic hydrogen is reionized at zreion, the 21cm signal
is diminished. The optical depth for free-free absorption
after reionization, ∼ 0.1[(1+ zreion)/20]5/2, modifies only
slightly the expected 21cm anisotropies. Gravitational
lensing should modify the power spectrum [12] at high l,
but can be separated as in standard CMB studies (see [19]
and references therein). The 21cm signal should be sim-
pler to clean as it includes the same lensing foreground
in independent maps obtained at different frequencies.

The large number of independent modes probed by the
21cm signal would provide a measure of non-Gaussian

deviations to a level of ∼ N−1/2
21cm , constituting a test of

the inflationary origin of the primordial inhomogeneities
which are expected to possess deviations >∼ 10−6 [20].
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