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Fig. 11. Mean logarithmic mass for the three different EG-CR models combined with the WR-CR (C/He = 0.4) model. Data
are the same as in Figure 8. Results obtained using WR-CR (C/He = 0.1) model are shown in Appendix B.

(Figure 9, middle panel, black-thin-solid line) that results
from the intersection of the components from galaxy clus-
ters and the minimal model, and is partially an artefact of
the simplified propagation approach applied to this model.
We expect it to be much smoother for realistic propagation.
At energies below ∼ 109 GeV, both the PCS and the UFA
models produce similar results which are in better agree-
ment with the observed trend of the composition, but do
not introduce a significant improvement over the canonical
extra-galactic component used in Section 4. In all the three
cases for the EG-CR model, the CNO group dominates the
composition of Galactic cosmic rays at the transition re-
gion from Galactic to extra-galactic cosmic rays. A clear
distinction between the models would be possible from a
detailed measurement of the five major mass groups shown
in Figure 10, in which they all have their characteristic ‘fin-
gerprint’: for example, around 109 GeV the minimal model
is dominated by the CNO group, the PCS model by helium,
and the UFA model by protons.

Results obtained using the WR-CR (C/He = 0.1) sce-
nario are given in Appendix B. The main difference from the
results of the C/He = 0.4 scenario is the significant dom-
inance of helium up to the transition energy region from
Galactic to extra-galactic cosmic rays (see Figures B.1 and
B.2). The main results and the parameter values of the dif-
ferent models discussed in the present work are summarised
in Table 4.

6. Discussions

Our study has demonstrated that cosmic rays below
∼ 109 GeV can be predominantly of Galactic origin. Above
109 GeV, they are most likely to have an extra-galactic ori-
gin. We show that both the observed all-particle spectrum
and the composition at high energies can be explained if the
Galactic contribution consists of two components: (i) SNR-
CRs which dominates the spectrum up to ∼ 107 GeV, and

(ii) GW-CRs or preferably WR-CRs which dominates at
higher energies up to ∼ 109 GeV. When combined with an
extra-galactic component expected from strong radio galax-
ies or a source population with similar cosmological evolu-
tion, the WR-CR scenarios predict a transition from Galac-
tic to extra-galactic cosmic rays at around (6−8)×108 GeV,
with a Galactic composition mainly dominated by helium or
the CNO group, in contrast to most common assumptions.
In the following, we discuss our results for the SNR-CRs,
GW-CRs, and WR-CRs in the context of other views on
the Galactic cosmic rays below 109 GeV, the implication of
our results on the strength of magnetic fields in the Galac-
tic halo and Wolf-Rayet stars, and also the case of a steep
extra-galactic component extending below the second knee.

6.1. SNR-CRs

The maximum contribution of the SNR-CRs to the all-
particle spectrum is obtained at a proton cut-off energy
of ∼ 4.5 × 106 GeV (see Figure 2). Such a high energy is
not readily achievable under the standard model of dif-
fusive shock acceleration theory in supernova remnants
for magnetic field values typical of that in the interstel-
lar medium (see e.g. Lagage & Cesarsky 1983). However,
numerical simulations have shown that the magnetic field
near supernova shocks can be amplified considerably up to
∼ 10− 100 times the mean interstellar value (Lucek & Bell
2000; Reville & Bell 2012). This is also supported by ob-
servations of thin X-ray filaments in supernova remnants
which can be explained as due to rapid synchrotron losses of
energetic electrons in the presence of strong magnetic fields
(Vink & Laming 2003; Parizot et al. 2006). Such strong
fields may lead to proton acceleration up to energies close
to the cut-off energy obtain in our study (Bell 2004).

The main composition of cosmic rays predicted by the
SNR-CRs alone looks similar to the prediction of the poly-
gonato model (Hörandel 2003a). Both show a helium domi-
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Fig. 5. Model prediction for the all-particle spectrum using the Galactic wind re-acceleration model. The thick solid blue line
represents the total SNR-CRs, the thick dashed line represents GW-CRs, the thick dotted-dashed line represents extra-galactic
cosmic rays (EG-RSB93) taken from Rachen et al. (1993), and the thick solid red line represents the total all-particle spectrum.
The thin lines represent total spectra for the individual elements. For the SNR-CRs, an exponential energy cut-off for protons at
Ec = 3× 106 GeV is assumed. See text for the other model parameters. Data are the same as in Figure 2.

Table 3. Injection energy of SNR-CRs used in the calculation
of all-particle spectrum in the WR-CR model (Figure 6).

Particle type C/He = 0.1 C/He = 0.4
f(×1049 ergs) f(×1049 ergs)

Proton 8.11 8.11
Helium 0.67 0.78
Carbon 2.11× 10−2 0.73× 10−2

Oxygen 2.94× 10−2 2.94× 10−2

Neon 4.41× 10−3 4.41× 10−3

Magnesium 6.03× 10−3 6.03× 10−3

Silicon 5.84× 10−3 5.84× 10−3

Iron 5.77× 10−3 5.77× 10−3

Equation 12 will lead to further suppression of the flux
at low energies. But, at energies of our interest, that is
above ∼ 107 GeV, the result will not be significantly af-
fected as the particle diffusion time, tdif = R2

sh/(6Dw),
is significantly less than the adiabatic energy loss time,
tad = 1/Ṽ = 6.52 × 107 yr. The steep spectral cut-offs at
high energies are due to the exponential cut-offs introduced
in the source spectra.

3.2. Cosmic rays from Wolf-Rayet star explosions (WR-CRs)

While the majority of the supernova explosions in the
Galaxy occur in the interstellar medium, a small fraction is
expected to occur in the winds of massive progenitors like
Wolf-Rayet stars (Gal-Yam et al. 2014). Magnetic fields in
the winds of Wolf-Rayet stars can reach of the order of
100 G, and it has been argued that a strong supernova

shock in such a field can lead to particle acceleration of en-
ergies up to ∼ 3 × 109 GeV (Biermann & Cassinelli 1993;
Stanev et al. 1993).

Since the distribution of Wolf-Rayet stars in the
Galaxy is concentrated close to the Galactic disk (see e.g.
Rosslowe & Crowther (2015)), the propagation of WR-CRs
can also be described by Equation 1 with the source term
replaced by Q(r, p) = ν̄0H[R − r]H[p − p0]Q(p), where ν̄0
represents the frequency of Wolf-Rayet supernova explo-
sions per unit surface area in the Galactic disk, and the
source spectrum Q(p) follows Equation 2. We assume that
each Wolf-Rayet supernova explosion releases a kinetic en-
ergy of 1051 ergs, same as the normal supernova explosion in
the interstellar medium. From the estimated total number
of Wolf-Rayet stars of ∼ 1200 in the Galaxy and an average
lifetime of ∼ 0.25 Myr for these stars (Rosslowe & Crowther
2015), we estimate a frequency of ∼ 1 Wolf-Rayet explo-
sion in every 210 years. This corresponds to ∼ 1 Wolf-
Rayet explosion in every 7 supernova explosions occurring
in the Galaxy. The source indices of the different cosmic-ray
species and the propagation parameters for the WR-CRs
are taken to be the same as for the SNR-CRs.

The contribution of WR-CRs to the all-particle spec-
trum is shown in Figure 4. The results are for two different
compositions of the Wolf-Rayet winds available in the lit-
eratures: Carbon-to-helium (C/He) ratio of 0.1 (top panel)
and 0.4 (bottom panel), given in Pollock et al. (2005). The
abundance ratios of different elements with respect to he-
lium for the two different wind compositions are listed in
Table 2. In our calculation, these ratios are assumed to be
proportional to the relative amount of supernova explosion
energy injected into different elements. The overall normali-
sation of the total WR-CR spectrum and the maximum en-
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Fig. 6. Model prediction for the all-particle spectrum using the Wolf-Rayet stars model. Top: C/He = 0.1. Bottom: C/He = 0.4.
The thick solid blue line represents the total SNR-CRs, the thick dashed line represents WR-CRs, the thick dotted-dashed line
represents extra-galactic cosmic rays (EG-RSB93) taken from Rachen et al. (1993), and the thick solid red line represents the total
all-particle spectrum. The thin lines represent total spectra for the individual elements. For the SNR-CRs, an exponential energy
cut-off for protons at Ec = 4.1× 106 GeV is assumed. See text for the other model parameters. Data are the same as in Figure 2.

ergy of the proton source spectrum are taken as free param-
eters. Their values are determined based on the observed
all-particle spectrum between ∼ 108 and 109 GeV. For
C/He = 0.1, we obtain an injection energy of 1.3×1049 ergs
into helium nuclei from a single supernova explosion and a
proton source spectrum cut-off of 1.8× 108 GeV, while for
C/He = 0.4, we obtain 9.4 × 1048 ergs and 1.3 × 108 GeV
respectively. For both the progenitor wind compositions,
the total amount of energy injected into cosmic rays by

a single supernova explosion is approximately 5 times less
than the total energy injected into SNR-CRs by a super-
nova explosion in the Galaxy. The total WR-CR spectrum
for the C/He = 0.1 case is dominated by helium nuclei up
to ∼ 109 GeV, while for the C/He = 0.4 case, helium nuclei
dominate up to ∼ 2 × 108 GeV. At higher energies, carbon
nuclei dominate. One major difference of the WR-CR spec-
tra from the GW-CR spectrum (Figure 3) is the absence of
the proton component, and a very small contribution of the
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Fig. 8. Mean logarithmic mass, ⟨lnA⟩, of cosmic rays predicted using the three different models of the additional Galactic
component: WR-CRs (C/He = 0.1), WR-CRs (C/He = 0.4), and GW-CRs. Data: KASCADE (Antoni et al. 2005), TUNKA
(Berezhnev et al. 2013), LOFAR (Buitink et al. 2016), Yakutsk (Knurenko & Sabourov 2010), the Pierre Auger Observatory
(Porcelli et al. 2015), and the different optical measurements compiled in Kampert & Unger (2012). The two sets of data points
correspond to two different hadronic interaction models (EPOS-LHC and QGSJET-II-04) used to convert Xmax values to ⟨lnA⟩.

within the large systematic uncertainties of the measure-
ments, at energies above ∼ 107 GeV, the GW-CR model
deviates from the general trend of the observed composition
which reaches a maximum mean mass at ∼ 6 × 107 GeV,
and becomes gradually lighter up to the ankle. However,
in the narrow energy range of ∼ (1 − 5) × 108 GeV, the
behaviour of the GW-CR model is in good agreement with
the measurements from TUNKA, LOFAR and Yakutsk ex-
periments which show a nearly constant composition that is
different from the behaviour observed by the Pierre Auger
Observatory at these energies. Understanding the system-
atic differences between the different measurements at these
energies will be important for further testing of the GW-CR
model. Up to around the ankle, the WR-CR models show
an overall better agreement with the measurements than
the GW-CR model. At around (3− 5)× 107 GeV, the WR-
CR models seem to slightly under predict the KASCADE
measurements, and they are more in agreement with the
TUNKA measurements. Cosmic-ray composition measured
by experiments like KASCADE, which measures the parti-
cle content of air showers on the ground, is known to have a
large systematic difference from the composition measured
with fluorescence and Cherenkov light detectors using Xmax

measurements (Hörandel 2003b). The large discrepancy be-
tween the model predictions and the data above the ankle is
due to the absence of heavy elements in the EG-CR model
considered in our calculation. The effect of choosing other
models of EG-CRs will be discussed in the next section.

5. Test with different models of extra-galactic
cosmic rays

Despite of the dominance of the ankle-transition model
in the general discussion, it has often been pointed out

that the essential high-energy features of the cosmic ray
spectrum, that is the ankle and, in part, even the sec-
ond knee, can be explained by propagation effects of extra-
galactic protons in the cosmologically evolving microwave
background (Hillas 1967; Berezinsky & Grigorieva 1988;
Berezinsky et al. 2006; Hillas 2005; Aloisio et al. 2012,
2014). While the most elegant and also most radical formu-
lation of this hypothesis, the so-called ‘proton dip model’,
is meanwhile considered disfavoured by the proton fraction
at the ankle measured by the Pierre Auger Observatory
(Aab et al. 2014), the light composition below the ankle re-
cently reported by the LOFAR measurement (Buitink et al.
2016) and a potential ‘light ankle’ at about 108 GeV found
by the KASCADE-Grande experiment (Apel et al. 2013)
have reinstated the interest in such models, and led to a
number of ramifications, all predicting a more or less sig-
nificant contribution of extra-galactic cosmic rays below the
ankle. As such a component can greatly modify the model
parameters, in particular the maximum energy, for the ad-
ditional Galactic component – if not removing its necessity
altogether – we study this effect using the WR-CR models,
which show an overall best agreement with the data below
the ankle, as a Galactic paradigm.

Before, however, discussing a stronger extra-galactic
component below the ankle, we want to think about the
minimal extra-galactic contribution we can have, if we as-
sume the largely heavy spectrum above the ankle is all
extra-galactic and consider their propagation over extra-
galactic distances. To construct this ‘minimal model’, we
follow di Matteo et al. (2015) and use the Monte-Carlo sim-
ulation code CRPropa 3.0 (Batista et al. 2016), which takes
into account all important interaction processes undergone
by EG-CRs while propagating through the CMB and the
extra-galactic background light, and also the energy loss as-
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Discovery of Binary Neutron Star Merger (2017)

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).

4

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

“concordance” picture
- gravitational wave
- gamma-ray burst
- kilonova/macronova
- X-ray/radio afterglow

Abbott et al. 2017 ApJL
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A. Quasiisotropic Galactic emission

The IceCube excess is consistent with an isotropic
distribution of arrival directions. If it is truly isotropic, it
is natural to assume that the neutrinos come from extra-
galactic sources. In principle, however, one could consider
possibilities of Galactic sources such as Galactic halos
including termination shocks of galactic winds, high-
latitude old pulsars, local molecular clouds around the
solar system and hot circumgalactic gas. But, among them,
no plausible scenario has been proposed. PeV γ-ray con-
straints can strongly support this directly.
As an astrophysical scenario we briefly discuss the

expected neutrino and γ-ray emission from the Galactic
halo following Ref. [52]. We assume that the ejecta of
Galactic supernovae (SN) accelerate CRs to an energy
above the CR knee sufficient for the production of PeV
neutrinos. (We will provide a more detailed discussion of
the maximum CR energy in supernova remnant (SNR)
shocks in the following section.) The total CR energy
per SN is assumed to be a significant energy fraction ϵp
of the initial SN ejecta energy of Eej ¼ 1051ergEej;51.
In the following we approximate the source CR spec-
trum as a power-law normalized as E2

pNpðEpÞ≃
ϵpEejðEp=Ep;minÞ2−Γ=R0, where we assume that Ep;min ∼
mp and introduce a bolometric correction factor R0¼
ð1−ðEp;max=Ep;minÞ2−ΓÞ=ðΓ−2Þ (orR0¼ lnðEp;max=Ep;minÞ
for Γ ¼ 2).

We now assume that CRs injected over a time scale of
tinj ∼ 10 Gyr can be trapped in the Galactic halo [53] with a
gasdensitynhalo≃10−4.2 cm−3ðr=RvirÞ−0.8 [54]up to thevirial
radius Rvir≃260kpc [55]. Assuming the present supernova
rate ofRSN ∼ 0.03 yr−1 and itspast enhancementfpast ∼ 3 the
total number of SNRs contributing to the halo emission is
NSNR≃fpastRSNtinj. The present energy density of CRs in
the halo is thus approximately NSNRϵpEej=Vhalo with halo
volume Vhalo ≃ ð4π=3ÞR3

vir. The per flavor and per SNR
neutrino spectral emissivity is then (c.f. [23]) E2

νQνα≃
ð1=6ÞκpcσppnhaloE2

pNpðEpÞ, where Eν ≃ 0.05Ep and for
pp interactions we used the pion ratio K ≃ 2, mean inelas-
ticity κp ≃ 0.5 and cross section σpp≃3×10−26 cm2 around
1GeV, increasing toσpp≃6×10−26 cm2 aroundEkn [56].The
diffuse neutrino spectrum can then be approximated as

E2
νJhaloνα ≃ NSNR

4πVhalo

Z
Rvir

0
drE2

νQνα

≃ 2.4 × 10−9 GeVcm−2s−1sr−1ϵp;−1Eej;51

×
!

Rvir

260 kpc

"−2!fpast
3

"!
RSN

0.03 yr−1

"!
tinj

10 Gyr

"
;

ð3Þ

for Γ ¼ 2, Ep;min ∼mp and Ep;max ∼ 12 PeV.
Note that the previous estimate is consistent with results

obtained by Ref. [52] if we adopt Γ ¼ 2.4, but the
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FIG. 2 (color online). Measurements of the isotropic diffuse γ-ray flux in the TeV-PeV range by various experiments (see Table I). Left
panel: The black lines shows the γ-ray flux corresponding to IceCube’s best fit assuming pp-interactions (K ¼ 2) and an exponential
cutoff at 6 PeV (i.e., 3 PeV for neutrinos). We show the unattenuated flux and the flux from 8.5 kpc, 20 kpc, and 30 kpc, respectively,
taking into account pair production via scattering off CMB photons. For the conversion of photon fractions into photon flux we use the
CR flux of Ref. [8]. For comparison we also show the total neutrino flux as a thin gray line. Right panel: Comparison to the Galactic
γ-ray emission of a generic DM decay scenario assuming a scalar X with mass mX ¼ 5 PeV and lifetime τX ¼ 7 × 1027 s. The solid,
dashed, and dotted black lines show the diffuse emission from the three sky regions divided by the red dashed circles in Fig. 3. The solid
gray line shows the total average neutrino flux, which also accounts for the extragalactic contribution shown separately as a dashed
gray line.
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ABSTRACT

We analyze the physical conditions of the cool, photoionized (T ∼ 104K) circumgalactic medium
(CGM) using the COS-Halos suite of gas column density measurements for 44 gaseous halos within
160kpc of L ∼ L∗ galaxies at z ∼ 0.2. These data are well described by simple photoionization
models, with the gas highly ionized (nHII/nH ! 99%) by the extragalactic ultraviolet background
(EUVB). Scaling by estimates for the virial radius, Rvir, we show that the ionization state (tracked
by the dimensionless ionization parameter, U) increases with distance from the host galaxy. The
ionization parameters imply a decreasing volume density profile nH = (10−4.2±0.25)(R/Rvir)−0.8±0.3.
Our derived gas volume densities are several orders of magnitude lower than predictions from standard
two-phase models with a cool medium in pressure equilibrium with a hot, coronal medium expected
in virialized halos at this mass scale. Applying the ionization corrections to the H I column densities,
we estimate a lower limit to the cool gas mass Mcool

CGM > 6.5 × 1010 M⊙ for the volume within R <
Rvir. Allowing for an additional warm-hot, OVI-traced phase, the CGM accounts for at least half of
the baryons purported to be missing from dark matter halos at the 1012 M⊙ scale.
Subject headings: galaxies: halos – galaxies:formation – intergalactic medium — quasars:absorption

lines

1. INTRODUCTION

Baryons account for 17% of the gravitating mass in
the universe (Ωb = 0.17 Ωm; Blumenthal et al. 1984;
Dunkley et al. 2009). Yet, observational inventories
reveal a shortage of baryons on both universal and
galaxy-halo scales. The first ‘missing baryon prob-
lem’ is illustrated by counting up all the baryons re-
vealed by observations of stars, dust, and gas in galax-
ies and clusters (Ωg). The total is significantly less
than the value expected from the widely-accepted Big
Bang Nucleosynthesis model, weighing in at only 0.03
- 0.07Ωb (Persic & Salucci 1992; Fukugita et al. 1998;
Bell et al. 2003). Second, baryons are apparently miss-
ing from galaxies themselves in what is known as the
galaxy halo missing baryon problem (McGaugh 2008;
Bregman & Lloyd-Davies 2007; McGaugh et al. 2010).
To explain these baryon shortages one must invoke un-
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seen or poorly-defined components: highly photoionized
intergalactic hydrogen, known as the Lyα forest (Lynds
1971; Sargent et al. 1980; Cen et al. 1994), the warm-
hot intergalactic medium, or WHIM, (Cen & Ostriker
1999; Davé et al. 1999) and the circumgalactic medium,
or CGM (e.g. Bergeron 1986; Lanzetta et al. 1995). In
cosmological hydrodynamical simulations, for instance,
baryons are apportioned comparably between the Lyα
forest (40%), the CGM (25%) and the WHIM (25%, ex-
cluding the gas that is also CGM; Davé et al. 2010).
The present work concerns the halo missing baryon

problem, which we briefly summarize here. Gener-
ally speaking, the condensed baryonic component of
galaxies, which dominates the energy output of the
system, is predicted to dynamically trace the under-
lying dark matter halo. Traditionally, baryon count-
ing in this regime has focused on a galaxy’s stars,
cold ISM, and its hot X-ray halo gas (Bell et al.
2003; Klypin et al. 2011; Baldry et al. 2008; Yang et al.
2009; McGaugh et al. 2010; Anderson & Bregman 2010;
Papastergis et al. 2012; Gupta et al. 2012). Compared
to the cosmological Ωb/Ωm ratio, galaxies and their halos
come up significantly short on baryons. For a Milky-Way
luminosity galaxy, the various estimates of the ratio in
stellar mass to the dark matter mass within the virial ra-
dius range from M∗/MDM ≈ 0.02− 0.05 (Behroozi et al.
2010); when we add the cold, neutral component from
HI surveys (Martin et al. 2010), this fraction increases
to only 0.07. Finally, when we add in the detected X-ray
halo gas, the fraction is at most 0.08 (but see Gupta et al.
2012; Fang et al. 2013). Such a deficiency is often ex-
pressed in terms of (Mstars,gas/MDM)/(Ωb/Ωm). In this
representation, galaxy halos appear to be missing ap-
proximately 60% of their baryons, suggesting that they
are structures nearly devoid of baryons both in mass and
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Fast Radio BurstsFast Radio Bursts (FRB): An Overview

(Lorimer et al. Science, 2007)
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THE DISCOVERY OF A POPULATION OF FAST RADIO BURSTS AT PARKES
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Figure 2: Distribution of FRB discoveries on the sky in Galactic coordinates, replotted from data of
[16]. The thick black line is the horizon limit of the Parkes radio telescope in Australia, the source of
most (SUPERB uses the Parkes telescope and UTMOST is at a similar latitude in Molonglo, Australia)
of the detections. Nearly all the discoveries were made in the Southern hemisphere, with the exceptions
of one each from Arecibo and Green Bank (GBT). Once allowance has been made for sky coverage,
there is no evidence for anisotropy.

expected, unless very close, to be strongly concentrated near the Galactic plane, as are pulsars,
but no such concentration is evident for FRB.

• One FRB (121102) has been observed, over several years, to repeat. This permitted accurate (to
a small fraction of an arc-sec) interferometric localization and identification with a dwarf galaxy
with rapid star formation [17, 18, 19, 20]. This galaxy has a redshift z = 0.193, demonstrat-
ing cosmological distances (and a significant near-source contribution to its total DM of 559.7
parsec-cm�3 [22]). There is no direct evidence that non-repeating FRB resemble the repeater in
everything other than repetition (and rotation measure, discussed later), but their other proper-
ties are similar [10, 11, 21, 22] and Ockham’s Razor suggests that they are members of the same
class of object, di↵ering quantitatively but not qualitatively.

2.3 Energetics

If the distance to a FRB is known, its luminosity and radiated energy directly follow from its measured
flux and fluence (time integral of the flux). At smaller distances space is nearly Euclidean and the inverse
square law applies, while at larger distances z & 1 the curvature of space-time must be considered
[14, 15]. Formally, this takes the form of an inverse square law with a luminosity distance. Typical
results for the brighter FRB, assuming that their dispersion measures, aside from a small Galactic
contribution, are produced by the intergalactic medium, are luminosities O(1043) ergs/s and burst
energies O(1040) ergs [3]. Fainter FRB may be as much as two orders of magnitude less powerful and
energetic, but if any weaker they would not be detectable with present instruments.

5

FRB Characteristics 
• DM~500-1000 cm-3 pc 

⇒ dL~2-6 Gpc (z~0.5-1)
frequency-dependent DM

• Sν~0.2-30 Jy ⇒ Eiso~1039-41 erg

• High brightness temperature
⇒ coherent emission mechanism

• Observed width δt ~ 1-10 ms
⇒ cδt/(1+z) < 300-3000/(1+z) km

• Rate ~ 104/sky/day~10-3/yr/gal 
⇔ supernova rate 10-2/yr/gal (Credit: Jim Cordes)
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electron distribution
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Discovery of Host Galaxy of FRB 121102

• VLA detection, ~0.1’’ (w. Arecibo for one burst)
• DM=558 pc cm-3, consistent w. previous report
• Keck/Gemini -> optical counterpart: dwarf galaxy (z=0.19)
• persistent radio counterpart w. ~0.15 mJy
• more… (rumor)

Chatterjee et al. 17 Nature Tendulkar et al. 17 ApJ
6 Tendulkar et al.

a position and e↵ective radius, taken as the Gaussian
�, consistent with the Sérsic profile convolved with the
point-spread-function. The results of the fits are shown
in Figure 3.
The position and extent of the host galaxy, as ap-

proximated with the two-dimensional elliptical Gaussian
profile, agrees well in the r0 and i0 bands (semi-major
axis �a = 0.0044 with ellipticity b/a = 0.68), while the
z0-band has a slightly o↵set position and appears larger
(� = 0.0059 with b/a = 0.45). We attribute this di↵erence
to the fact that the the r0 and i0 bands are dominated
by the bright emission lines of H↵, H�, [O III] �4959
and [O III] �5007, while the redder z0-band traces the
continuum flux of the host galaxy. As such, the mor-
phology suggests that the host galaxy has at least one
H II region at a slight o↵set from the galaxy center.
Finally, the bottom right panel of Figure 3 plots the

Gaussian centroids on the International Celestial Refer-
ence Frame (ICRF) through the astrometric calibration
of the r0, i0, and z0 images against Gaia. The posi-
tional uncertainties in each axis are the quadratic sum
of the astrometric tie against Gaia (of order 2mas) and
the centroid uncertainty on the image (between 20 and
50mas). The Gaia frame is tied to the ICRF defined
via radio VLBI to a ⇠1mas precision (Mignard et al.
2016), much smaller than the centroid uncertainty. We
find that the position of the persistent radio source seen
with the EVN at an observing frequency of 5GHz with
a 1-mas precision (Marcote et al. 2017), is o↵set from
the galaxy centroids by 186±68 and 163±32mas in the
line-dominated r0 and i0 images, and 286±64mas in the
continuum-dominated z0 image. Though o↵set from the
centroids, the persistent radio source is located within
the e↵ective radii of the di↵erent bands.

4. DISCUSSION AND CONCLUSIONS

The observations presented here confirm the interpre-
tation by Chatterjee et al. (2017) that the extended
optical counterpart associated with FRB121102 is the
host galaxy of the FRB. Our measurement of the red-
shift z = 0.19273 is consistent with the DM-estimated
value of zDM < 0.32 (Chatterjee et al. 2017) and to-
gether with the very low chance superposition probabil-
ity, firmly places FRB121102 at a cosmological distance,
ruling out all Galactic models for this source.
In the following discussion, we assume the cosmolog-

ical parameters from the Planck Collaboration et al.
(2016) as implemented in astropy.cosmology (Astropy
Collaboration et al. 2013), giving a luminosity distance
of DL = 972Mpc, and 100 corresponding to projected
proper and comoving distances of 3.31 kpc and 3.94 kpc,
respectively.

Figure 3. The top left, top right and bottom left pan-
els show respective 7.004 ⇥ 7.004 subsections of the GMOS r0,
i0 and z0 images, centered on the optical counterpart to
FRB121102. Each image has been smoothed by a Gaussian
with a width of 0.002, while the plus sign and ellipse denote
the position and extent of a two-dimensional Gaussian fit
to the spatial profile of the counterpart. The i0-band image
also shows the narrower Sérsic fit by galfit. The bottom
right panel combines the positional and morphological mea-
surements from the di↵erent bands on an astrometric frame
of 100 ⇥ 100 in size. The colors are identical to those used in
the other panels. The large ellipses denote the extent of the
Gaussian and Sérsic fits, while the small ellipses denote the
1-� absolute positional uncertainties. The location of the
persistent counterpart as measured with the EVN at 5GHz
by Marcote et al. (2017) is represented by the black cross.
The uncertainty in the EVN location is much smaller than
the size of the symbol.)

We use the Schlegel et al. (1998) estimate of the Galac-
tic extinction along this line of sight1, EB�V = 0.781.
Using RV = 3.1, we find AV = 2.42, and use the Cardelli
et al. (1989) Galactic extinction curve to correct the
spectrum with band extinctions of Ar0 = 2.15, Ai0 =
1.63, and Az0 = 1.16mag. We note that the Schlafly
et al. (2010); Schlafly & Finkbeiner (2011) recalibrated
extinction model predicts a slightly lower extinction of
EB�V = 0.673. The results described below are insen-
sitive to di↵erences in the extinction at this level. We
do not apply k-correction to the magnitudes as they are
not needed for the precision discussed here.

1 From the IRSA Dust Extinction Calculator http://irsa.

ipac.caltech.edu/applications/DUST/



GRAND?

• Only brightest FRBs 

can be observed w. 

GP-300

(S>100 Jy)

• 460 /day for a=1

at S=30 Jy



Good News
1903.12404



Good News II
synchrotron maser models predict emission at low frequencies

1902.01866



Summary
• Spectrum & composition

Powerful probe of transition models

• Gamma
worthwhile to investigate
surface detectors?

• FRBs
only brightest FRBs can be seen
good prospects for low-frequency FRBs


