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Particle Acceleration in a radio 
lobe: Centaurus A

• Non-thermal emission over 600 kpc size (Abdo+’10) 

• Particle acceleration mechanism? 

• Second order Fermi acceleration?

is known to have a steep g-ray spectrum (6).
For further details pertaining to the analysis of
the lobe emission, see the SOM.

It is well-established that radio galaxy lobes
are filled with magnetized plasma containing
ultra-relativistic electrons emitting synchrotron
radiation in the radio band (observed frequencies:
n ~ 107 to 1011 Hz). These electrons also up-
scatter ambient photons to higher energies via the
inverse Compton (IC) process. At the observed
distances far from the parent galaxy (>100-kpc
scale), the dominant soft-photon field surround-
ing the extended lobes is the pervading radiation
from the cosmic microwave background (CMB)
(11). Because IC/CMB scattered emission in the
lobes of more distant radio galaxies is generally
well observed in the x-ray band (12–14), the IC
spectrum can be expected to extend to even higher
energies (9, 15), as demonstrated by the LAT
detection of the Cen A giant lobes.

Fig. 1. (A and B) Fermi-
LAT g-ray (>200 MeV)
counts maps centered
on Cen A, displayed with
square-root scaling. In
both (A) and (B), models
of the galactic and iso-
tropic emission compo-
nents were subtracted
from the data (in con-
trast to the observed
counts profile presented
in Fig. 2). The images
are shown before (A)
and after (B) addition-
al subtraction of field
point sources (SOM) and
are shown adaptively
smoothed with a mini-
mum signal-to-noise ratio
of 10. In (B), the white
circle with a diameter of
1° is approximately the
scale of the LAT point-spread function width. (C) For comparison, the 22-GHz radio map
from the 5-year WMAP data set (8) with a resolution of 0°.83 is shown. J2000, equinox; h,
hour; m, minutes.

Fig. 2. Observed intensi-
ty profiles of Cen A along
the north-south axis in
g-rays (top) and in the
radio band (bottom). In
the bottom panel, the lobe
regions 1 and 2 (northern
lobe) and regions 4 and
5 (southern lobe) are in-
dicated as in (9), where
region 3 (not displayed
here) is the core. The red
curve overlaid onto the
LAT data indicates the
emission model for all
fitted points sources, plus
the isotropic and Galactic
diffuse (brighter to the
south) emission. The point sources include the Cen A core (offset = 0°) and a LAT source (offset =
−4.5°) (see SOM) that is clearly outside (1° from the southern edge) of the southern lobe. The excess
counts are coincident with the northern and southern giant lobes. arb, arbitrary units.
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is known to have a steep g-ray spectrum (6).
For further details pertaining to the analysis of
the lobe emission, see the SOM.

It is well-established that radio galaxy lobes
are filled with magnetized plasma containing
ultra-relativistic electrons emitting synchrotron
radiation in the radio band (observed frequencies:
n ~ 107 to 1011 Hz). These electrons also up-
scatter ambient photons to higher energies via the
inverse Compton (IC) process. At the observed
distances far from the parent galaxy (>100-kpc
scale), the dominant soft-photon field surround-
ing the extended lobes is the pervading radiation
from the cosmic microwave background (CMB)
(11). Because IC/CMB scattered emission in the
lobes of more distant radio galaxies is generally
well observed in the x-ray band (12–14), the IC
spectrum can be expected to extend to even higher
energies (9, 15), as demonstrated by the LAT
detection of the Cen A giant lobes.

Fig. 1. (A and B) Fermi-
LAT g-ray (>200 MeV)
counts maps centered
on Cen A, displayed with
square-root scaling. In
both (A) and (B), models
of the galactic and iso-
tropic emission compo-
nents were subtracted
from the data (in con-
trast to the observed
counts profile presented
in Fig. 2). The images
are shown before (A)
and after (B) addition-
al subtraction of field
point sources (SOM) and
are shown adaptively
smoothed with a mini-
mum signal-to-noise ratio
of 10. In (B), the white
circle with a diameter of
1° is approximately the
scale of the LAT point-spread function width. (C) For comparison, the 22-GHz radio map
from the 5-year WMAP data set (8) with a resolution of 0°.83 is shown. J2000, equinox; h,
hour; m, minutes.

Fig. 2. Observed intensi-
ty profiles of Cen A along
the north-south axis in
g-rays (top) and in the
radio band (bottom). In
the bottom panel, the lobe
regions 1 and 2 (northern
lobe) and regions 4 and
5 (southern lobe) are in-
dicated as in (9), where
region 3 (not displayed
here) is the core. The red
curve overlaid onto the
LAT data indicates the
emission model for all
fitted points sources, plus
the isotropic and Galactic
diffuse (brighter to the
south) emission. The point sources include the Cen A core (offset = 0°) and a LAT source (offset =
−4.5°) (see SOM) that is clearly outside (1° from the southern edge) of the southern lobe. The excess
counts are coincident with the northern and southern giant lobes. arb, arbitrary units.
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To model the observed lobe g-rays as IC emis-
sion, detailed radio measurements of the lobes’
synchrotron continuum spectra are necessary to
infer the underlying electron energy distribution
(EED), ne(g), where the electron energy is Ee =
gmec

2 (g, electronLorentz factor;me, electronmass;
c, speed of light;ne, number density of electrons). In
anticipation of these Fermi observations, ground-
based (16, 17) and WMAP satellite (8) maps of
Cen A were previously analyzed (9). Here, we
separately fit the 0.4- to 60-GHz measurements
for each region defined therein for the north (1 and
2) and south (4 and 5) lobes (Fig. 2) with EEDs in
the form of a broken power law (with normaliza-
tion ke and slopes s1 and s2) plus an exponential
cutoff at high energies neðgÞ ¼ keg−s1 for gmin ≤
g < gbr and neðgÞ ¼ keg

s2−s1
br g−s2 exp½−g=gmax% for

g ≥ gbr, such that the electron energy density isUe ¼
∫EeneðgÞdg. To a certain extent, our modeling re-
sults depend on the shape of the electron spectrum

at energies higher than those probed by the WMAP
measurements (n ≳ 60 GHz) (Fig. 3); we have
assumed the spectrum to decline exponentially.

We calculated the IC spectra resulting from
the fitted EED (parameters listed in table S1
of the SOM) by employing precise synchro-
tron (18) and IC (19) kernels (including Klein-
Nishina effects) by adjusting the magnetic
field B. In addition to the CMB photons, we
included IC emission off the isotropic infrared-
to-optical extragalactic background light (EBL)
radiation field (9, 20, 21), using the data com-
pilation from (22). Anisotropic radiation from
the host galaxy starlight and the well-known
dust lane was also included, but was found to
have a negligible contribution in comparison to
the EBL (Fig. 4 and SOM). The resultant total
IC spectra of the northern and southern lobes
(Fig. 3) with B = 0.89 mG (north) and 0.85 mG
(south) provide satisfactory representations of

the observed g-ray data. These B-field values
imply that the high-energy g-ray emission de-
tected by the LAT is dominated by the scattered
CMB emission, with the EBL contributing at
higher energies (≳1 GeV) (Fig. 4).

Considering only contributions from ultra-
relativistic electrons and magnetic field, the lobe
plasma is found to be close to the minimum-
energy condition with the ratio of the energy den-
sities Ue=UB ≃ 4:3 (north) and ≃ 1:8 (south),
where UB = B2/8p. The EED was assumed to
extend down to gmin = 1; adopting larger values
can reduce this ratio by a fractional amount
for the southern lobe and by up to ~two times
for the northern lobe (SOM). For comparison,
IC/CMB x-ray measurements of extended lobes
of more powerful [Fanaroff-Riley type-II (23)]
radio sources have been used to infer higher B
fields and equipartition ratios with a range
Ue=UB ≃ 1−10 (12–14).

Fig. 3. Broad-band SEDs of the northern (A) and southern (B) giant lobes of
Cen A. The radio measurements (up to 60 GHz) of each lobe are separated
into two regions, with dark blue data points indicating regions that are closer
to the nucleus (regions 2 and 4; see Fig. 2), and light blue points denoting
the farther regions (1 and 5). Synchrotron continuum models for each
region are overlaid. The component at higher energies is the total IC

emission of each lobe modeled to match the LAT measurements (red points
with error bars; error bars indicate 1 s errors). The x-ray limit for the lobe
emission derived from SAS-3 observations (24) is indicated with a red
arrow [see (9)]. The break and maximum frequencies in the synchrotron
spectra are nbr = 4.8 GHz and nmax = 400 GHz, respectively. nSn, frequency
multiplied by flux density.

Fig. 4. Detail of the IC portion of the northern (A) and southern (B) giant
lobes’ SEDs (Fig. 3). The separate contributions from the different photon
seed sources are indicated with dashed lines, and the total emission is

represented by the solid black line. Red data points and error bars are the
same as in Fig. 3. Vertical bars indicate errors; horizontal bars indicate
frequency range.

www.sciencemag.org SCIENCE VOL 328 7 MAY 2010 727

REPORTS

 o
n 

O
ct

ob
er

 2
5,

 2
01

0 
ww

w.
sc

ie
nc

em
ag

.o
rg

Do
wn

lo
ad

ed
 fr

om
 

Abdo+’10

WMAP Fermi
MW SED



Past History of the Galactic 
Center: Fermi Bubbles

• 10 deg scale non-thermal diffuse emission 
structure in radio and gamma-ray sky (Su+’10). 

• Origin is unknown. Past starburst or AGN activity? 

• ASTRO-H observations will tell us their origins 
through  abundance  measurements.

The Astrophysical Journal, 793:64 (34pp), 2014 September 20 Ackermann et al.

Figure 34. Left: IC model fit to the baseline gamma-ray spectrum of the Fermi bubbles (Section 5). The spectrum of electrons for the ISRF at 5 kpc is a power law
with an index 2.2 and an exponential cutoff at 1.25 TeV (Section 7.1). If we take into account only IC scattering on CMB photons, then the electron spectrum has an
index of 2.3 and a cutoff at 2.0 TeV. Right: index and cutoff energy for electron spectra determined for different derivations of gamma-ray foregrounds and different
definitions of the Fermi bubbles templates (for the ISRF at 5 kpc above the Galactic center). The red cross corresponds to the baseline model values with the statistical
errors.
(A color version of this figure is available in the online journal.)

Figure 35. Left: IC and synchrotron emission from the same benchmark population of electrons. The electron energy density is derived from fitting the IC model to
the gamma-ray data. We use the synchrotron emission from the same population of electrons to fit the Planck microwave haze data (Ade et al. 2013) by optimizing
the value of the magnetic field. The best-fit magnetic field is about 8.4 µG. Right: microwave haze spectrum compared to the synchrotron emission from the electrons
in the IC model of the Fermi bubbles. The green band shows the systematic uncertainties introduced by the systematic uncertainty in the gamma-ray spectrum of the
bubbles.
(A color version of this figure is available in the online journal.)

index requires a magnetic field of ∼20 µG. The uncertainties
of the index and magnetic field are due to large uncertainties
in the distribution of electrons around 10–30 GeV. We note that
the spectrum of the microwave haze was obtained for latitudes
−35◦ < b < −10◦ (Pietrobon et al. 2012), that is, the derived
magnetic field corresponds to the region of the bubbles encom-
passed by these latitudes. At higher latitudes the microwave
haze emission has smaller intensity, which can be explained
if the magnetic field decreases with height above the Galactic
plane.

The main contribution to the IC signal comes from electrons
at energies >100 GeV. We show in Appendix B that the main
contribution to the WMAP and Planck frequencies, where the
microwave haze is detected, comes from electrons between
10 GeV and 30 GeV. Thus, although the gamma-ray bubbles and
the microwave haze can be produced by the same population of
electrons, the presence of two populations of electrons cannot be
excluded—one population producing the gamma-ray signal and
the other producing the microwave signal. In this scenario, the

magnetic field can have a lower value. As a result, the electron
cooling time can be longer than in the case of a single population
of electrons.

The cooling time for 1 TeV electrons in a 5 µG magnetic
field and in the ISRF at 5 kpc is only 500 kyr, whereas taking
into account only the IC losses gives a cooling time of ∼1 Myr
(Appendix B.2). If the bubbles were formed by a jet or an
outflow from the Galactic center, where most of the acceleration
happened during the initial stages of the expansion, then the
expansion velocity should be greater than 10,000 km s−1, so
that the bubbles formation time is smaller than the cooling
time of the 1 TeV electrons. The lower bound on the expansion
velocity becomes 20,000 km s−1 if the magnetic field is 5 µG. In
scenarios with electron reacceleration inside the volume of the
bubbles (Mertsch & Sarkar 2011), the characteristic acceleration
time for 1 TeV electrons should be shorter than 1 Myr for IC
losses only, or 500 kyr for IC and synchrotron losses in a 5 µG
magnetic field. Since the synchrotron losses at these energies
are about the same as the IC losses, the electron injection rate

24

Planck
Fermi

MW SED

56-6 Publications of the Astronomical Society of Japan (2015), Vol. 67, No. 3

Fig. 1. Simulated ASTRO-H/SXS spectrum of the Fermi bubbles with 200 ks exposure. The data represents the expected performance by SXS, while
the black, red, blue, and purple curves represent contributions from all components, the Fermi bubbles, the local hot bubble, and the cosmic X-ray
background. We assume the spectral parameters of the N-cap off region observed by Suzaku with the emission measure of 0.12 cm−6 pc (Tahara
et al. 2015), but we set the temperature of 0.3 keV and the metallicity of 0.45 Z⊙ for the bubbles. [O/Fe] and [Ne/Fe] for the bubbles are set to be
zero, i.e., the solar abundance ratios. If more metals exist in the bubbles, stronger line emissions are expected. The position of each line element is
indicated in the figure.

future X-ray missions will enable us to understand the
origin of the bubbles through their elemental abundances.

For continuous injection models, we do not take into
account the thermal conduction effect. As hot outflow gas
exists behind the contact discontinuity, compressed gas
can be heated up by the thermal conduction and flow
behind the contact discontinuity. The abundance of the gas
behind the contact discontinuity would be smaller than esti-
mated. The thermal conduction time scale is given as tcond

≃ 108(n/4 × 10−3 cm−3)(lT/1.6 kpc)2(kT/0.3 keV)−5/2 yr
(Kawasaki et al. 2002), where n is the gas density taken from
Kataoka et al. (2013), lT is the thermal conduction length,
assumed to be the thickness of the compressed region, and
kT is the gas temperature, set to be 0.3 keV (Kataoka et al.
2013). Since the age of the bubble is expected to be of the
order of 10 Myr for the leptonic SF and leptonic AW sce-
narios, the results will not significantly change. However,
in the case of the hadronic SF scenarios, the age would
be comparable to the thermal conduction time scale. The
actual abundance would be lower than that estimated in
this letter.

We assumed that the interior of the bubbles is
described by a single temperature. In nearby starburst
galaxies, observed X-ray emitting gas is composed of
multi-temperature plasma (Strickland et al. 2002). Single

temperature modelling may result in erroneous abundance
measurements. Here, the physical scale of the observed
regions of the nearby starburst galaxies extends to ∼ 3 kpc
(Strickland et al. 2002), while that of the field of view
(FoV) of Suzaku/XIS and ASTRO-H/SXS at the GC is
∼ 40 pc and ∼ 7 pc, respectively. The expected tcond in
the observable regions of the bubbles by Suzaku/XIS and
ASTRO-H/SXS becomes much shorter than the age of
the bubbles. Thus, single-temperature models work for
the bubbles for pointing X-ray observations. Further-
more, the current X-ray spectra of the bubbles are well
described by a single-temperature model (Kataoka et al.
2013, 2015; Tahara et al. 2015), although stacking anal-
ysis of the northern cap region indicates the possible exis-
tence of another 0.7 keV plasma (Tahara et al. 2015). With
ASTRO-H/SXS, we can observationally distinguish another
temperature component by comparing the temperature
based on a single-temperature spectral fit and that based
on line ratios in each field.

Non-thermal X-ray emission may underlie the thermal
component as non-thermal emission is observed in
radio and gamma-rays. Significant contribution of non-
thermal emission may be crucial for deriving abun-
dances. Kataoka et al. (2013) observationally constrained
the non-thermal flux associated with the bubbles as
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Extragalactic Radio Source 
Population Studies

• Cover source count distribution at bright end (Ade+’11) 

• 175 blazars simultaneously observed by Planck, Swift, and Fermi 

• Data challenge the blazar sequence correlation (Giommi+’11).

Planck Collaboration: Planck early results. XIII.
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Fig. 5. Euclidean normalized differential number counts at the HFI frequencies (100, 143, and 217 GHz). The red circles with Poisson error bars
show the counts of sources with counterparts in our reference 30 GHz sample. At 143 and 217 GHz the blue diamonds (shifted to the left by half of
the bin size, for clarity) show the counts obtained after removing sources with 143–217 GHz spectral index indicative of dust emission (see Sect.
2.3.2). Again, in each panel, the solid curves show the total number counts of extragalactic radio sources predicted by the de Zotti et al. (2005)
evolution model. Also shown are the SPT (grey squares; Vieira et al. 2010) and ACT (grey stars; Marriage et al. 2011, counts of radio sources. At
100 GHz we also show the estimated counts by Sadler et al. (2008) from follow-up observations of a sample of sources selected from the 20 GHz
ATCA survey (grey dashed line).

(σ = 0.29) at HFI frequencies is found for their sample of
84 bright blazars selected at 37 GHz, with flux densities mea-
sured in at least 3 HFI channels, in full agreement with our
present findings.

Figure 7 presents the contour levels of the distribution of α143
70

vs. α70
30 (obtained using Survival Analysis) in the form of a 2D

probability field: the colour scale can be interpreted as the prob-
ability of a given pair of spectral indices.

As already noted, at high Planck frequencies most of the
extragalactic radiosources are blazars. From the contour plot of
Fig. 7 it is possible to see that the maximum probability corre-
sponds to α70

30 ≃ −0.18 and α143
70 ≃ −0.5. A secondary maximum

can also be seen at α143
70 ≃ −1.2. However, a physical interpreta-

tion of these features goes beyond the purposes of this work and,
moreover, more data at higher frequencies are needed. A detailed
discussion on the modelling of the spectra of this source popu-
lation is presented in a companion paper (Planck Collaboration
2011k).

5. Conclusions

We have exploited the ERCSC to estimate the bright counts of
extragalactic radio sources at six frequencies (30, 44, 70, 100,
143, and 217 GHz) and to investigate the spectral properties of
sources in a complete sample selected at 30 GHz. The counts
at 30, 44, and 70 GHz are in good agreement with those derived
from WMAP data at nearby frequencies. The completeness limit
of the ERCSC is somewhat deeper than that of WMAP at 30 and
70 GHz and somewhat shallower at 44 GHz. At higher frequen-
cies the ERCSC has allowed us to obtain the first estimate of
the differential number counts at bright flux density levels. At
30, 143 and 217 GHz, the present counts join smoothly to those
from deeper surveys over small fractions of the sky.

The de Zotti et al. (2005) model is consistent with the present
counts at frequencies up to 100 GHz, but over-predicts the counts
at higher frequencies by a factor of about 2.0 at 143 GHz and
about 2.6 at 217 GHz. This implies that the contamination of the
CMB power spectrum by radio sources below the 1 Jy detection

A13, page 7 of 10

Ade+’11

P. Giommi et al.: Simultaneous Planck, Swift, and Fermi observations of blazars

Fig. 20. log(γSSC
peak), obtained from Eq. (3) for all the objects in our

samples for which we could obtain νSpeak and νICpeak is plotted against
log(νSpeak) in the rest-frame of the blazars. The two black lines delimit the
area predicted by simple homogeneous SSC models obtained through
extensive Monte Carlo simulations (see Abdo et al. 2010a, for details).

Fig. 21. The logarithm of the Compton dominance is plotted as a func-
tion of log(νSpeak) for all sources for which νSpeak and νICpeak could be reli-
ably determined.

to about 2. The larger values are always associated with LSP ob-
jects, while HSP sources always have values of log(CD) lower
than ≈0.5. In this figure, the two blazar subclasses appear to
be quite different, with BL Lacs having significantly smaller
CD values, even when their νSpeak values are equal to those
of FSRQs. To better understand this difference, in Fig. 22 we
plot the CD distributions of FSRQs and BL Lacs for different
samples and νSpeak intervals.

The FSRQs included in the Fermi-LAT sample, which are
γ-ray bright by definition, show a CD distribution peaking at
large values. We note that in this sample we also applied a
radio flux-density limit of 1 Jy, hence the sources below the
radio cut must be on average more Compton-dominated than
those in our sample. This implies that the distribution of purely
γ-ray selected blazars must be even more strongly peaked at high
CD values than that of the Fermi-LAT sample. Considering in-
stead FSRQs selected in the radio and the X-ray bands, we get
quite a different picture, with a broader distribution extending to
values of less than 1. Moreover, about 30–45% of FSRQs in the
radio, soft X-ray, and hard X-ray selected samples are not de-
tected by Fermi-LAT and therefore they must populate the part

Fig. 22. Distributions of the Compton dominance for FSRQs and
BL Lacs of the LSP and HSP type. A significant fraction of FSRQs
in the radio, RASS, and BAT samples have not been detected in the
γ-ray band and therefore only limits to the Compton dominance (shown
as a dashed histogram; only the radio sample to avoid confusion) can be
calculated. The large difference between the CD distribution of FSRQs
in the Fermi-LAT and the other samples illustrates the strong bias that
γ-ray selection induces.

Fig. 23. Top panel: the bolometric luminosity (represented by the sum of
synchrotron and inverse Compton peak luminosities) is plotted against
νSpeak. The non-thermal optical light of blazars with no strong emission
lines above the dashed line would be bright enough to swamp the emis-
sion from the host galaxy making the source appear featureless thus
hampering any redshift measurement. The lower limits, representing
BL Lacs with no known redshift, are estimated assuming that the non-
thermal light is ten times brighter than that of a giant elliptical host
galaxy (see text for details). The bottom panel shows the same plot for
the subsample of sources satisfying the selection criteria of Fossati et al.
(1998).

A160, page 39 of 59

Giommi+’11

Radio Source Counts Blazar Sequence?



Can LiteBIRD do like Planck?

• Planck has better “angular resolution” & “sensitivity” for 
astronomical objects. 
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How Planck & LiteBIRD are 
different in the observation mode?

• All sky survey 

• But 

• Planck observed each patch of the sky for a few times with 
FoV of 50 deg2 & monochroic observations 

• Deep but low-cadence survey 

• LiteBIRD will observe the half of the sky everyday with FoV 
of 200 deg2 & multi-chroic observations  

• Shallow but high-cadence survey → transient science



Radio Transient Parameter SpaceSKA Transients Rob Fender

Figure 4: Transients parameter space expanded to include coherent sources. From Pietka, Fender & Keane
(2015), following a long line of similar plots (e.g. Cordes, Lazio & McLaughlin 2004).

and via scintillation (see also Bignall et al. 2015, this volume) will result in at least 1% of radio
sources being variables at the tens of percent level (e.g. Deller & Middelberg 2014).

However, relatively low-level AGN activity, while interesting, is not our main target. In search-
ing for, and following up, radio transients, we wish both to study populations we know to exist (for
example GRBs) and to search for new and unexpected populations. In terms of the known pop-
ulations, we choose to use, as an indicator of the likely success rate of the SKA, two topical and
exciting classes of object, the Fast Radio Bursts (FRBs) and the (jetted) Tidal Disruption Events
(TDEs). We should be clear that we are focussing on these two classes of object simply as exam-
ples: transient science is too diverse to devote space to a dedicated discussion to all of the very
interesting astrophysics under study (e.g. X-ray binaries, GRBs, stellar flares).

3.1 Fast Radio Bursts

Fast Radio Bursts (FRBs) are very short ( 15 ms), apparently coherent, bursts which show
large excess dispersion when compared to that expected for the line of sight within our galaxy.
First discovered by Lorimer et al. (2007), if the excess dispersion is associated with the IGM, they
could lie at cosmological distances (the current sample may be probing to redshift z ⇠ 1), be the
tracers of new astrophysical phenomena and acts as probes of the missing baryons (see discussion
in Macquart et al. 2015, this volume).

7

Fender+’15

• LiteBIRD will cover the unprobed parameter space.  

• will see unknown transient events.



Transient Survey in Sub-mm 
for “known” sources

• GRBs, TDEs, Type Ib/c SNe, neutron star mergers, magnetars 
are faint for LiteBIRD.

et al. 2012). A 5σ threshold moreover reduces the dynamic
range for detecting the actual appearance and/or disappearance
of a transient, and hence the ability to separate transients from
variable and steady sources. Finally, the reduced dynamic
range and low signal-to-noise ratio will also inhibit the ability
to infer the physical properties and classification of the
transients (explosion time, energy, ambient density, velocity,
collimation). Thus, we caution that even if the goal of a survey
is to simply count the number of radio transients (e.g.,
Figure 3) the detection threshold should be 10T_ .

In principle a transient that does not reach a 10σ threshold in
any single epoch could be detected at somewhat lower
significance in multiple epochs and hence be recovered. We
essentially account for this effect through our investigation of
the “stacked” surveys (VAST-Wide-Stack, VAST-Deep-SF-
STACK, CMB-Stack-1, CMB-Stack-2) in which we carry out
the transient detection in temporally binned versions of the
nominal daily cadence data. On the other hand, for the various
surveys with a yearly cadence (e.g., VAST-Deep, VLASS),
which is comparable to or longer than the typical transient

durations (Section 2.1), such time-averaging is not feasible and
10σ remains a robust single-epoch threshold to suppress a large
number of false detections.
We emphasize that we do not explicitly model the complex

processes of imaging interferometric data, cataloging sources,
and measuring fluxes, which are subject to a variety of
systematics that have proven challenging to cope with (e.g.,
radio-frequency interference, spurious sidelobe sources, corre-
lator bugs). Instead we assume that these effects can be
approximated as a degradation of a survey’s limiting flux
density and/or effective area. Accounting for these systematic
effects is part of our motivation for choosing 10σ as a robust
detection threshold. We also assume that each survey achieves
its characteristic sensitivity uniformly on the sky, while in
practice the sensitivity is spatially variable, or, equivalently, the
effective area is a function of sensitivity (e.g., Croft et al.
2013b; Williams et al. 2013).
The transient detection criteria in radio surveys should also

include the effects of contamination by radio emission from
star-forming host galaxies. This has the potential to be more of

Figure 3. Number of sources across the entire sky (Equation (10)) at any time above flux FO at observer frequency 150O � MHz (upper left), 1.3 GHz (upper right),
3 GHz (lower right), 150 GHz (lower right). Sources shown include long GRBs ( obsR = 0.2, red; obsR = 0.4, blue; obsR = 0.8, brown; obsR = 1.57, green), low-
luminosity GRB (dashed brown), Type Ibc SNe (dashed black), neutron star merger leaving black hole (dashed olive), NSM-magnetar (dashed light blue), on-axis
SGRB (dashed gray), off-axis SGRB (dashed orange), on-axis TDE (Sw J1644 + 57; dark green), off-axis TDE (purple). Shown for comparison are representative
limits placed by the surveys discussed in this paper (Table 2) as well as those placed by past surveys (Appendix; references: Levinson et al. 2002; de Vries et al. 2004;
Gal-Yam et al. 2006; Bower et al. 2007, 2010, 2011; Croft et al. 2010b, 2013a; Ofek et al. 2010, 2011; Jaeger et al. 2012b; Chen et al. 2013; Mooley et al. 2013; see
also Frail et al. 2012).
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Fast Radio Bursts
• ~15 events discovered  

(e.g. Lorimer+’07, Thornton+’13) 

• ~1-10 Jy level flux at ~1-10 GHz  

• pulse width < 1 msec 

• ~21% circular polarization w/ 3-σ 
(FRB 140515; Petroff+’15) 

• ~44% linear polarization (Masui+’15) 

• dispersion measure (DM) indicates  
at cosmological distance z~0.5 

• very high event rate 4000-10000 per day (e.g. Rane+’15).

energy distribution across the band in FRB 110220
is characterized by bright bands ~100 MHz wide
(Fig. 2); the SNRs are too low in the other three
FRBs to quantify this behavior (2). Similar spec-
tral characteristics are commonly observed in the
emission of high-|b| pulsars.

With four FRBs, it is possible to calculate an
approximate event rate. The high-latitude HTRU
survey region is 24% complete, resulting in 4500
square degrees observed for 270 s. This cor-
responds to an FRB rate ofRFRBðF e 3 Jy msÞ ¼
1:0þ0:6

−0:5 % 104sky−1day−1, where the 1-s uncer-
tainty assumes Poissonian statistics. The MW
foreground would reduce this rate, with increased
sky temperature, scattering, and dispersion for
surveys close to the Galactic plane. In the ab-
sence of these conditions, our rate implies that
17þ9

−7 , 7
þ4
−3 , and 12þ6

−5 FRBs should be found in
the completed high- and medium-latitude parts
of the HTRU (1) and Parkes multibeam pulsar
(PMPS) surveys (18).

One candidate FRB with DM > DMMW has
been detected in the PMPS [ jbj < 5○ (5, 19)].
This burst could be explained by neutron star
emission, given a small scale-height error;
however, observations have not detected any
repetition. No excess-DM FRBs were detected in
a burst search of the first 23% of the medium-
latitude HTRU survey [jbj < 15○ (20)].

The event rate originally suggested for
FRB 010724, R010724 ¼ 225 sky−1 day−1 (4), is
consistent with our event rate given a Euclid-
ean universe and a population with distance-
independent intrinsic luminosities (source
count, NºF−3=2) yielding RFRB ðF e 3 Jy msÞ
e 102RFRBðF010724 e 150 Jy msÞ.

There are no known transients detected at
gamma-ray, x-ray, or optical wavelengths or
gravitational wave triggers that can be temporally
associated with any FRBs. In particular there is

Fig. 2. A dynamic spectrum showing the frequency-
dependent delay of FRB 110220. Time is measured relative
to the time of arrival in the highest frequency channel. For clarity
we have integrated 30 time samples, corresponding to the dis-
persion smearing in the lowest frequency channel. (Inset) The
top, middle, and bottom 25-MHz-wide dedispersed subband used
in the pulse-fitting analysis (2); the peaks of the pulses are
aligned to time = 0. The data are shown as solid gray lines and
the best-fit profiles by dashed black lines.

Table 1. Parameters for the four FRBs. The position given is the center of the gain pattern of the beam
in which the FRB was detected (half-power beam width ~ 14 arc min). The UTC corresponds to the arrival
time at 1581.804688MHz. The DM uncertainties depend not only on SNR but also on whether a and b are
assumed (a ¼ −2; no scattering) or fit for; where fitted, a and b are given. The comoving distance was
calculated by using DMHost = 100 cm−3 pc (in the rest frame of the host) and a standard, flat-universe
LCDM cosmology, which describes the expansion of the universe with baryonic and dark matter and dark
energy [H0 = 71 km s−1Mpc−1,WM=0.27,WL =0.73;H0 is the Hubble constant andWM andWL are fractions
of the critical density of matter and dark energy, respectively (29)]. a and b are from a series of fits using
intrinsic pulse widths of 0.87 to 3.5ms; the uncertainties reflect the spread of values obtained (2). The observed
widths are shown; FRBs 110627, 110703, and 120127 are limited by the temporal resolution due to dis-
persion smearing. The energy released is calculated for the observing band in the rest frame of the source (2).

FRB 110220 FRB 110627 FRB 110703 FRB 120127

Beam right
ascension ( J2000)

22h 34m 21h 03m 23h 30m 23h 15m

Beam declination
( J2000)

−12° 24′ −44° 44′ −02° 52′ −18° 25′

Galactic latitude,
b (°)

−54.7 −41.7 −59.0 −66.2

Galactic longitude,
l (°)

+50.8 +355.8 +81.0 +49.2

UTC (dd/mm/yyyy
hh:mm:ss.sss)

20/02/2011
01:55:48.957

27/06/2011
21:33:17.474

03/07/2011
18:59:40.591

27/01/2012
08:11:21.723

DM (cm−3 pc) 944.38 T 0.05 723.0 T 0.3 1103.6 T 0.7 553.3 T 0.3
DME (cm

−3 pc) 910 677 1072 521
Redshift, z (DMHost =

100 cm−3 pc)
0.81 0.61 0.96 0.45

Co-moving distance,
D (Gpc) at z

2.8 2.2 3.2 1.7

Dispersion index, a −2.003 T 0.006 – −2.000 T 0.006 –
Scattering index, b −4.0 T 0.4 – – –
Observed width

at 1.3 GHz, W (ms)
5.6 T 0.1 <1.4 <4.3 <1.1

SNR 49 11 16 11
Minimum peak

flux density Sn(Jy)
1.3 0.4 0.5 0.5

Fluence at 1.3 GHz,
F (Jy ms)

8.0 0.7 1.8 0.6

SnD2 (× 1012 Jy kpc2) 10.2 1.9 5.1 1.4
Energy released, E (J) ~1033 ~1031 ~1032 ~1031
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Origin of FRBs
• Blackhole evaporation (Keane+’12) 

• Magnetar hyper flares (Popov & Postnov ’13; Katz ‘14) 

• Neutron star mergers (Totani ’13; Ravi & Lasky ‘14) 

• White dwarf mergers (Kashiyama, Ioka, & Meszaros ’13) 

• Collapse of suprmassive neutrons stars (Falcke & Rezzolla 
’14) 

• Flaring stars in the Galaxy (Loeb+’14) 

• and more….

we do not know the origin!



What we can learn from FRBs?

• Dispersion measure will tell us the IGM density. 

• Missing baryon (McQuinn’14)? Reionization (with high-z 
FRBs)? 

• Polarization will tell us intergalactic magnetic field. 

• Gravitational wave event counterparts? 

• Cosmic rulers (Zhou+’14)?



How many events with LiteBIRD?
• The FRB rate is not clear. But, 

4000-10000 FRBs per day per all sky at 
1 GHz. 

• Assuming the Euclidean distribution & 
a spectral index of 0.5. 

• a few FRBs everyday @ S(100 GHz) = 1 
Jy 

• ~10 FRBs every year @ S(100 GHz) = 
10 Jy 

• ~μsec time resolution will be 
required to detect DM of FRBs (ν-2 
dependence). 

• synergy with low-frequency 
experiments is important. (e.g. SKA)
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Summary
• Planck had better sensitivity & angular resolution, but 

LiteBIRD will have higher transient survey power 

• 2π str / day with 200 deg2 FoV  

• LiteBIRD is suitable for transient search like FRBs  

• a few faint events every day, ~10 bright events every year  

• synergy with low frequency telescopes is important. 

• <msec time resolution will be demanded.


