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Outline

* gamma-rays & neutrinos from cosmic-rays in star-forming galaxies
* modeling from galaxy physical quantities (Mgtar, Mgas, SFR, size, ...)
* understanding gamma-ray luminosity of nearby galaxies

* cosmic gamma-ray & neutrino background vs. IceCube

* non-thermal afterglow from GW 170817

* alatest modeling with a natural electron energy distribution
* possibility to detect a spectral break corresponding to the minimum

electron energy’

* fast radio bursts (FRBs) and possible connection to neutron star mergers



part |
gamma-rays and neutrinos from
starforming galaxies



gamma-rays from star forming galaxies

* all star forming galaxies produces
cosmic-rays from supernova remnants,
and then gamma-ray and neutrinos from
pion decays produced by CR interaction

with interstellar medium
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gamma-ray luminosities of nearby galaxies
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IceCube neutrinos?

e how much is the contribution from

star-forming galaxies to the cosmic

PeV v background?

*  Loeb & Waxman 2006; Thompson et al.
2006; Stecker 2007; Lacki et al. 2011;
Murase et al. 2013; He et al. 2013; Tamborra
et al. 2014; Anchordoqui et al. 2014; Liu et S S U
al. 2014; Emig et al. 2015; Chang et al. 2015; _.‘_.:‘,A_.;;11.'-'.:,.:.:.‘,Qf_i_};;::f-'3~-'+ Equatorial
Giacinti et al. 2015; Senno et al. 2015;
Moharana & Razzaque 2016; Chakraborty
& Izaguirre 2016; Xiao et al. 2016; Bechtol
et al. 2017; Sudoh+2018, ...

0 TS=2log (L/Lg) 12.4

all sky map and spectrum by IceCube collab.
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how to reliably predict v flux from
star forming galaxies?

an important point, but missed by most previous studies: consistency with
gamma-ray luminosity of nearby galaxies
* pions produces inevitably gamma-rays with neutrinos, and nearby galaxy

L, is a good calibrator of a theoretical model of neutrino emission

connecting Ly with physical quantities of galaxies
e star formation rate (SFR) and gas mass (IMg.s) are popularly considered,
but are they enough?

* there should be other important parameters (e.g., size, magnetic field, ...)

use a realistic model of cosmological galaxy formation. Predict neutrino

luminosities based on the physical quantities of galaxies predicted by it.

— Sudoh, TT, & Kawanaka 2018, PASJ 70, 49
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Careful modeling of nearby galaxies is crucial to know flux of cosmic background

flux
o T HIE, “visiting near, learn far”




modeling L of nearby galaxies

Table 1.

Objects | L ()
103%rg/s
MW 0.8240.24 |I2.
LMC  |0.04740.005}{0.24 : .
SMC  0.01140.003}{0.037
NGC253 . .
M82
NGC2146

6 nearby galaxies with good measurements of gamma-ray luminosity from CR

interactions
including various types (dwarfs to starbursts)

good measurements of galaxy properties: star formation rate (SFR), gas mass

(Mgas), stellar mass (Mgtar), disk effective radius (Refr)

Can we make a physical model to predict gamma-ray luminosity from galaxy

properties for these galaxies?



modeling y/v emission (1)

CR production rate: « SFR

CR energy spectrum: power-law with index I”

 disk scale height Hx R

« H(gas) = 150 pc, Refr = 6 kpc for the MW galaxy
velocity dispersion within the disk: dynamical equilibrium along the disk height

® G (Mgas P Mstar) / Reff2 = 02 / H

used to estimate

advection time scale of CRs

* magnetic held strength
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modeling y/v emission (2)

magnetic field
* (energy density injected by star formation in dynamical time H/o) ~ B%/(8x)

diffusion and escape of a CR proton of energy E,:

* energy-dependent diffusion coefficient:

clo [(ﬁ)% + (ﬁf] (Re < VHI)

e Ri<lp— Kolomogorov turbulence oo
) { E (e > V)

¢ Ry > lp = small angle scattering
« Rp > (Hlp)!”? — free streaming

° lo: coherent length of turbulence, assumed to be 30 pc from observations

ER escape time: t-- = minttae, tad ]
* diffusion time: tairr = H? / [2 D(Ep)]

e advection time: t,gy = H/o

— you can calculate CR amount at a given E, remaining in the disk, and then

luminosity and spectrum of gamma-ray and neutrinos by pion production in ISM



emission from the Galactic disk

* CR spectral index of '~2.3 consistent with the diffuse Galactic y background

spectrum

 predicted v flux close to the IceCube 1sotropic component (per solid angle)

* can we see an excess along the disk in the near future?

* flatter index (I" < 2.1) disfavored
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Comparison with nearby galaxies
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* our model reproduces gamma-ray luminosities fairly well
» quantitatively better than the simple Lgamma © SFR or Lgamma © SFR x Mgas



cosmological galaxy formation model

* use a semi-analytic model of

hierarchical galaxy formation in the

CDM framework
¢ Nagashima & Yoshiu '04

* gives necessary inputs (SFR,
Mstar, Mgas; Size)

* reproduces local galaxy statistics
(luminosity function, luminosity-

size relation, etc.)

* tested against various high-z galaxy

Log[¢/h®Mpc ®mag ']

data set (e.g. Ly-break galaxies)
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cosmic gamma-ray background

* about 10% contribution to the total cosmic

gamma-ray background in GeV

* consistent with previous studies
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neutrino background

* accounts for only 0.4% of IceCube —

neutrinos with the plausible I'nj~2.3! i leeCube (per flavor) 110
* 15% even if we take an extreme Linj = g(l) ; -
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— 23 @ |
_‘a - ¥ r 10'5
(\'lm solid: all | '
'E dashed: SBG
Q 4
> |
L
S |
N'e‘ .
68

S
Energy [MeV]



Conclusions (part I)

We present a new model of gamma-ray and neutrino emission from a star-
forming galaxy, from the quantities of (1) stellar mass, (2) gas mass, (3) star
formation rate, and (4) disk radius.

This model nicely reproduces gamma-ray luminosities of nearby galaxies
detected by Fermi, from dwarfs to starbursts.

* good calibration for the prediction of neutrino flux

* this model can be further tested by future y observation by CTA

This model is combined with a semi-analytical galaxy formation model in
Lambda-CDM cosmology to predict neutrino background from star-forming
galaxies

[t 1s extremely difficult to explain all the IceCube neutrinos by star-forming
galaxies in the standard picture of galaxy formation.
* accounts for 0.4% in our plausible model

* 15% even if we make an extreme assumption of ['=2.0 for all galaxies



Part 11
non-thermal afterglow of GW 170817



nonthermal afterglow of GW170817

non-thermal afterglow in radio, optical,

and X-ray

synchrotron emission from accelerated 102 ;’ﬁ

electrons in (mildly) relativistic shock

* 1in between supernova remnants (non- Lo

relativistic) and GRB afterglows :3
(ultra-relativistic) &
* anew experimental site of particle 10 ‘r R
' —5— 0.6 GHz 7.25 GHz
acceleration SV 1.4GHz =+ F606W x 200
3 GHz @ 1keV x 2500 1
10-1 b o {3 6 GHz 4 upper limit
10° . ].10l T .1102 ‘ ‘ lAO"
outflow geometry? Time [day]
* two popular models n=10-2> cm?, €5=10->7, €e0=10'1'5, P0=2-13,
: ; . Ecis0=105170erg, I':=229, 6.=0.11, 6,=0.58
* radially stratified spherical shell Lo s . ’ '
Lln+ 18 Xmin ~ 137

* off-axis and angularly extended jet
* simpler models do not fit the data

e latest data favors the latter



spectral energy distribution

* single power-law from radio to X-rays in

all time
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what about particle acceleration efficiency?

previous studies all assumed that all electrons in the shock are accelerated as non-
thermal particles (1)
* following standard GRB afterglow modelings (e.g. Sari+'98)

energy fraction of accelerated electrons is controlled only by the minimum
energy of the electron energy distribution

simple, but obviously too simple physically (c.f. supernova remnants)

Lin, TT & Kiuchi (2019), MNRAS in press (arXiv:1810.02587)
e adda new, but natural model parameter, so that both of
* non-thermal electron energy fraction

* minimum electron energy

 are variable
* allows to explore
 particle acceleration efficiency

* 1on/electron equipartition



*  with two standard
geometrical models:

radially stratified
spherical outflow
off-axis, angularly

extended jet
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Fo [uly]

v 18 1n radio band at earliest time!

Best-fit model (Jet)

Best-fit free fmodel by MCMC

f =1 with similar parameters of previous fits

Constant single power-law spectrum (v > v,,)  New fit with radio in synchrotron tail (v < vy)

-

' + | N, berore [
107 ‘ 4) : ik 3 107 .
n*”‘ % 1y . .T . ..'-.‘. [ ‘ (D ’ .
T 7‘ ; :'o L 9 " on . .
10' ¢ By S LT e wd R o100 v SLSEIR ¥ "?\ 1
| 4 . < % + /. - m @ \'.\
- - @ N
‘/ :'. ’ .\'
100 3 K 47/ * 100 - ‘A * . * . \1
S e- 066GHz  -A- 7.25GHz VA ~6- 0.6GHz  ~/A- 7.25GHz
roos 1.4 GHz  —fr- F606W x 200 ¢ 74 1.4 GHz  =fr- F606W x 200
3 GHz @ 1keV x 2500 1 s 3 GHz @ 1keV x 2500
10_1 i .O., 6 GHZ 3 upper hmlt J 10—1 .. ./ O 6 GHZ 4 uppel’ ||m|t
109 - BT 0 10° 10° 10! 10° 10°
Time [day] Time [day]

n=1023 cm3, e3=10-23, €~10-15, p=2.13,

n=1023 cm3, e3=1047, €~10-12, p=2.18,

Eci0=105170erg, I':=229, 6.~0.11, 6,=0.58 E.is0=105259 erg, I':=242, 6.=0.09, 6,=0.45, n.~=0.14

X?nin ~ 137

Nyo =54 Ax2.. ~ 29! with 1 more model parameter

X?nin ~ 108



Vm In spectral energy distribution?

our model 1s statistically more favored than conventional models, but the signature

of viy In early radio data is marginal

denser sampling of early radio data in future events would detect vy, clearer
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Conclusions of Part 11

a more natural electron energy distribution leads to the synchrotron tail in early
radio bands!
 confirming only a small energy fraction (1-10%) 1s accelerated to nonthermal

* close to electron-ion equipartition (minimum electron energy close to k'T)

low-frequency early radio observations highly encouraged in future events
* would give important information for:

* particle acceleration efhiciency

e electron-ion equipartition

change of other model parameters?

jet energy ~ 10% erg (isotropic-equivalent to the jet direction), about 10 times
larger than the conventional modeling

* still consistent with the distribution of the short GRB energy distribution

* ambient matter density n ~ 10-3-10-? cm*?, about 10 times larger than the
conventional modeling

* consistent with the hot gas density in typical giant elliptical galaxies



Part 111

fast radio bursts (FRBs) and binary neutron
star mergers



Flux Density (Jy)

Fast Radio Bursts: A New Transient Population at
Cosmological Distances
+ ~msec duration radio bursts at high galactic latitudes, ~Jy level peak flux
+ Lorimer et al. (2007); Thornton et al. (2013)
+ event rate ~ 1034 /sky /day
+ ~60 FRB detected so far,

+ dispersion measure (DM) much larger than the maximum by ISM in the Galaxy
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large DMs! a cosmological origin?

+ extragalactic DM in reionized universe What is the Reionization Era?

A Schematic Outline of the Cosmic History

+ DM ~ 1000 cm™ pc at z=1

+ dispersion measure indicates z ~ 0.5-1
+~ 104 /sky /day ~ 4x10% yr! Gpc3 (z< 1,

Crpa= )
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Figure 1. Illustration of using dispersion measure to probe the epoch of
reionization of He1. Top and bottom panels show DM and its derivative as
a function of redshift, respectively. A sharp H1 and He1 reionization at z ~ 6
and a sharp He 11 reionization at z ~ 3 are assumed.

Zheng+’14

Time since the
Big Bang (years)

~ 300 thousand

~ 500 million

~ 1 billion

~ 9 billion

~ 13 billion

S.G. Djorgovski et al. & Digital Media Center, Caltech

<+ The Big Bang

The Universe filled
with ionized gas

<-The Universe becomes
neutral and opaque

The Dark Ages start

Galaxies and Quasars
begin to form
The Reionization starts

The Cosmic Renaissance
The Dark Ages end

<Reionization complete,
the Universe becomes
transparent again

Galaxies evolve

The Solar System forms

Today: Astronomers
figure it all out!




FRB 121102 is repeating!

+ discovered by Arecibo
+ DMs ~ 560 pc cm™

+ VLA detection and 0.1” localization
(Chatterjee+’17)

+ dwarf, star-forming host galaxy at
z=0.19 (Tendulkar+’17)

+ SFR ~0.4 Msun/yr, Mstar ~ (4-7)e7 Msun
+ persistent radio source 180 uly

+ offset from host nucleus

+ size < 0.7 pc (Marcote+’17)
+ most likely a young neutron star

+ the second repeating FRB
180814.J0422+73 discovered (CHIME
collab. ’19)

+ but repeating bursts are not found from
other FRBs in spite of follow-up
monitoring

+ more than one population?
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Faraday rotation of FRBs

+ FRB 110523 (Masui+’15)
+ RM =-186.1 +/-1.4 rad m™=
+ much higher than expected from MW ISM
+ strong magnetization of circumburst environment

+ “favours models involving young stellar populations such as magnetars over
models involving the mergers of older neutron stars”

+ FRB 150807 (Ravi+’16)
+ RM =-12.0 +/- 0.7 rad m™=
+ similar RM for nearby Galactic pulsar
+ > RM <~ 2 rad m* outside the Galaxy or circumburst environment

+ “FRB progenitor theories that propose emission from young neutron stars or
other objects embedded in highly magnetized star forming regions or galaxy
centers may be inconsistent with the low RM of FRB 150807”

+ at least some FRBs from clean environment?

+ e.g., non-repeating FRB population from NS-NS mergers?



(non-repeating) FRBs from NS-NS mergers

TT 2013, PASJ, 65, L12
+ FRB rate vs. NS-NS merger rate

+ FRB rate 103-104 /day/sky at z~1 is roughly 103-10% /Gpc3/yr at z=0
+ FRB rate 2000+1190.599 /Gpc3/yr (Hassal+’13)
+ c.f. short GRBs ~1-10 /Gpc3/yr

+ high end of NS-NS merger rate estimate before GW 170817

+ NS-NS rate 1540+3290.1559 /Gpc3/yr (LVC °17 PRL 119, 161101)

+ predicted radio flux by dipole radiation is similar to FRBs, if
+ dipole with B ~ 102 G and r ~ 10 ki
+ rotation period ~ msec
+ radio conversion efficiency similar to pulsars (~104)

. B \( R \° L «lf] &\ (_Pum )~
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NS-NS merger ejecta vs. radio emission

+ 103~-102 M@ ejecta expected from merger

+ no radio emission if they are absorbed by thick ejecta?
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NS-NS merger simulation by K. Kiuchi
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+ ejecta appears at r > 30 km only ~ 1 msec after the spin of merged star

becomes maximum

+ There is a time window (1-2 msec) to produce a FRB before hidden by ejecta g

+ ¢jecta formation gives a possible explanation for no repeating bursts for ¥

many FRBs
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repeating FRB from NS-NS mergers?

Yamasaki, TT, & Kiuchi '18

+ a long-lived massive NS may be left after a fraction of NS-NS mergers, depending
on EOS

+ merger ejecta becomes transparent in 1-10 yrs to radio signals
+ the opportunity to see the most extreme neutron star!
+ c.f. ~10-100 yrs for supernova scenario

+ repeating burst detection rate broadly consistent with NS-NS merger rate if, e.g.,
the repeater life time is ~10 yrs and 1% of BNS mergers leave repeating FRBs

+ persistent radio emission from pulsar wind nebular interacting with merger ejecta
+ prediction:

+ ejecta much faster than supernova —> source size evolution may be seen for
FRB 121102 in the future

+ repeating FRBs also from elliptical/passive galaxies

+ a repeating FRB appears ~10 yrs following a fraction of NS-NS mergers detected
by GW



Conclusions (Part III)

+ Observations imply that a fraction of FRBs are non-repeating and occurring in
clean (low density) regions

+ making BNS mergers a good candidate
+ Rate and expected radio flux from BNS mergers roughly consistent with FRBs

+ ejecta from BNS mergers would prohibit radio signal transmission, but there is
a time window of a few msec from the merger to significant matter ejection

+ a fraction of BNS merger would leave a massive, rapidly rotating neutron star,
which may become a repeating FRB

+ ~10 yr time scale of appearance after the merger

+ repeating FRBs in elliptical galaxies



