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Properties of the y-ray prompt emission are
unremarkable

Detected by Swift, Konus-Wind, Suzaku, Fermi- _ et
GBM :é 200
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keV band.
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Very rich data set for the afterglow

» Bright X-ray afterglow detected by Swift/XRT

» An optical source was detected by SwifttUVOT, ROTSE, Faulkes Telescope,
Lulin Telescope, Nordic Optical Telescope, CQUEAN at McDonald
Observatory, Gran Telescopio Canarias, Calar Alto and BTA 6-m

« Radio emission detected by Expanded VLA

« X-ray and optical follow up from 100 till 108 second, and radio follow up till
60 x10° seconds



The optical afterglow shows a rebrightening with
no counterpart in the X-ray band.
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Then, while the X-ray and optical decay rapidly, we have a broad radio peak as well
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Initially, both X-ray
and optical LCs
show similar slow
decay slope

However, at ~15 ks
the optical LCs
show a flux rise,

peaking at

1~1 day followed by plateau

There is no analogous
beheaviour in the
X-ray: decay as before

But both the X-ray and
optical
break to a steep decay
at ~150 ks



Analysis of the afterglow and rebrightening
Optical early decay slope is a4 = 0.55¢0.03 F~t &P

X-ray LC early decay slope is a, 1 = 0.52+0.03, break time t, ,, = 133+2.4 ks, late
decay slope is a x , = 2.11£0.14

F We fit of the light curves built up
a4 ag in several filters during the
rebrightening with a double
broken power law model.

Fixed a5, 04 , t,, for all filters:

05=048+0.03;0,=197+
0.02;t,,=217+2.4 ks

Peak flux, a,, t,; free to vary for
each filter...

t
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... and we find correlations between the fit
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The optical rebrightening itself is chromatic!

* The redder bands peak later that the bluer;

» The peak flux is higher as time goes by, that is,
the redder bands have larger peak fluxes.

For example:

I” band peaks at 90 ks, while u band peaks at 56 ks.

The peak flux in r band is ~180 udJy, while the peak flux in uw1 band (300 nm) is
100 udy



Analysis of spectral energy distributions (SEDs)
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Figure 6. SEDs at 4500s (black), 22000s (red), 50000s (blue) and 400000s (green).



Analysis of SEDs: spectral break in the optical

The SEDs have been fitted with: 500 s L5 ks 99 ks 50 ks 400 ks

- Simple power law;

- Broken power law;

Simple power law

- Broken power law with Ap = 0.5 (as X@ 02352401
expected in the External Shock Afterglow
mOdel); Broken. povrer Law 0.31 0.07 0.05
- For the 50 ks SED only: Sum of two o SOOE%%E 062%3%0 04;%2133 0;%%”
broken power law: first with low energy B 0807055 1.02-p0s 0847099 102
x2/dof 5.8/4 11.8/14  58.3/34 119.3/113

index B, = -0.33 (this value is expected
in a synchrotron spectrum below the —
injection frequency vy, ), second with A with AB =1/2

=0.5 & 0.34+09 " 0.52_.06 0.507003

| BoreareV 50775 655150, 163671122

B2 0.84%%%%  1.02_0.06 1.001502

Results: X*/dof 5.95/5  118/15 123.4/114

50 ks SED is best-fitted by the sum of two Sum of two power laws

. Bi1 —0.33
broken power law model; By g6V 110703
. . 8.5+unconstrained
The break of the first component is at ~4.1 sl 053000
eV, in the near UV; Byreak, 116V 9257507
gzn 1.02-0.04
Consistent with the peak of the X" /dof 11L.6/111

rebrightening reached at ~50 ks in the UV.



Off-Axis double jet model
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For an observer angle 05, = 1.5 0,,i4e aNd 0510w = 0-5 Byyige. the temporal

slopes of the observed light curves can be explained (Granot, Panaitescu et al.
2005).



Parameters in the double jet model

We use
V(0ops) =av(0=0)  F(v,00s,t) = a’F(v/a,0,at) where a=(1+IT%0%)7"

The synchrotron peak frequency v), and peak flux F(vp,) are given by

-2\ _
Vi = 3.3 X 1014(z + 1)1/26}3/,2_2 <g—1> egE;éQtd 2y

F(var) = 1600(z + 1) Dyg’ey) © y Bson 2 (t/5) "% pdy

Conditions:

- Peak flux of rebrightening (narrow jet) is ~ 200 uJy at 90 ks after trigger.

- Flux at the slow decline (wide jet) is ~100 uJy at 4.5 ks after trigger

Solutions:

Forn=10, ¢ , = ¢ 5 =1/3, p=2.02, the observed fluxes can be explained if:

E narrow = 2 X 10% erg, E \yige = 5.6 x 10°* erg; 0 \arow = 0.023 rad; 6 ,,4.= 0.046 rad.



Chromatic behaviour: problem the double jet
model

If v\, does cross the optical band at ~90 ks, we must have
BMPe? 2 ~ 4.2 % 10°

This high value is needed to keep v,, inthe optical range ~ 90 ks after the trigger,
also from a largely off-axis observer.

Even assuming the largest possible values fore ,=¢5, E~ 108" erg !!

Therefore, the model cannot be considered viable if, during the rebrightening,
there is chromatic evolution due to the transit of v,



Reverse Shock and Forward Shock interplay
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If the central engine produces a long-lived relativistic outflow, emission from Reverse
Shock may be significant and extend for long time.

Depending on physical parameters, the RS can give different contributions in Opt and
X-ray

Can a superposition of Reverse Shock and Forward Shock emissions reproduce
the complex behaviour of GRB 100814A ?



Modeling of RS and FS emission

« Light curve slopes

We use the predictions of Sari & Meszaros 2000 (SMO0O0):

TEMPORAL EXPONENTS OF THE PEAK FREQUENCY »,,, THE MAXIMUM FLUXF, , THE CoOLING FREQUENCY »,, AND THE FLUX IN A GIVEN BANDWIDTH F,

F,
SHOCK v, F, v, v, <v<, y>max (v,7,)
_U4-Tgtsg bs—6+g-3sg  4+4s5—3g-3sg _6—6s—g-|-3sg+6(24—7g+sg) _—4—4s-|-g-|-sg+[3(24—7g-|—sg)
F... 27+s-129) 27T+s5-129) 27+s-129) 27+s5-29) 27+s-2g)
_12-3g4sg 65— 12+3g-3sg  4+4s—3g -3y _12—6s—3g+3sg+6(12—3g+sg) _8—4s—3g+sg+6(12—3g+sg)
R... 2AT+s-29) 27T+s-29) 27T+s5-29) 27T+s-2¢) 27T+s5s-29)

Note.—F is forward, R is reverse. Calculated both in the adiabatic regime v, <v <, [F, o< F, (»,/v)’ oc *»™®, where § = (p — 1)/2] and in the cooling regime
v.<v,<v [F,oc(vlv,) (v, v’ oct ™", where 8 =p/2].

m

Parameter s describes the energy associated with the shells: E(>T") ~ E, (I'/T;)*"
It is also tells us the rate of energy injection into the front shell.

Parameter g describes the density profile of the external medium: p ~r 9



RS + FS interplay: Scenario |

a 23
7 92 _

X Optical
The early optical is RS emission; the X- E ay
ray emission and optical rebrightening is
from FS
Late steep decay is jet break. RS X-ray

e S 052
’ time

No solutions for g=0, (interstellar medium, ISM), nor for g=2, the density profile of stellar
wind expected around a massive star progenitor.

Instead, g=1.15, s =2.75, p=2.02, can reproduce the decay slopes within 3 sigma:
aq = oy x =0.98; a 3= 0.51. Note g=1.15 is intermediate between ISM and wind.

ao = -0.57 is not consistent with observation, and o, y = 1.3 is way off. However, the

model is approximate and numerical simulations indicate that jet break decay slope
might be steeper (Granot et al. 2006, Van Eerten et al. 2010, etc.)



But Model | cannot explain chromatic
behaviour due to transit of vy, at rebrightening.

For wind-like media, the synchrotron peak frequency v,, is given by

— 2\ _
v = 4x10" (241) Y2 (p—0.69)e %, (p—l) 2Bt % Hy
) p —_—

(Yost et al. 2003). At rebrightening, all emission is from Forward Shock.
The 50 ks SED indicate FS electrons have p=2.02.
To have v, at optical band at rebrightening, the equation above* requires

613/72 62E§2/2 ~ 760

_92Ce

Even assuming e, =eg = 1/3, E ~ 10°8 erg. Too much for any GRB model.

* GRB100814A medium has profile intermediate between ISM and Wind. We therefore calculate
vy at deceleration time ~860 s as in wind medium and then we follow its evolution with s=2.75,

g=1.15, as in SMOO.



Numerical simulations for

10% ¢

Detailed simulations, which takes into account:

Stratification in the Lorentz factors of ejecta; 102 E

Mechanical work (pdV) done by the gas. =

10 E

Parameters of the simulation:
Kinetic Energy E = 10°* erg;
€ e FS = 01, € B,FS = 001,

¢ ers = 0.1, € g g = 0.05; !

p=21 ;ejet=0'07 rad 0.1 ¢

Scenario |

RS energizes 100% of electrons of ejecta; but FS e g

energizes only 1.5% of medium. £ o
Agreement of light curves with observations; - o |
Harder spectrum around peak time predicted,; b
It can produce many curves changing I'(t). .

Problem: how FS energizes only ~1.5% of electrons?
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RS + FS interplay: Scenario |l

The early optical and X-ray are RS
emission;

Flux

The optical rebrightening is FS emission;

Late steep decay is jet break.

Optical

We can now model the FS assuming a very steep spectrum. This eases the energy
requirements. We take ppg=2.85. We take prg = 2.02 to explain the hard X-ray

spectrum.

Parameters s=2.65, g=1.25 can reproduce the decay slopes within 3 sigma:
0% = 057, a 1, X = 058, a 4= 207, 0 2 X ~ Oy

a, = -0.92 is not consistent with observation, and o 5 = 1.1 is way off. However,

model is approximate; and observed a 5 < 1.1 can be explained because v ; ~ v

the

opt



Modeling of FS and RS in Scenario Il

FS modeling

The condition vy ~ v opt at the rebrigtening time becomes
ey pec Esh? = 0.58

The condition F(v), ) ~ 200 uJy at the rebrigtening time is
ey By’ A ~ 1.6 x107°

These equations must be solved together. Assuming ¢, = eg = 1/3, we obtain

A, ~3x107% E,, ~0.86



Modeling of FS and RS in Scenario Il - 2

Modeling of RS

At 50 ks, the X-ray is RS. The 50 ks SED tells us there is a cooling break at ~0.1 keV
(not well constrained). We calculate v at deceleration time, ~860 s:

1+ 2 —3/2
ve.rs = 2.12 x 10 ( > ) ep by _oFsh A  tdec

(Kobayashi & Zhang 2003). From SMO0O, we calculate how much it becomes at 50 ks.
We find

-3/2
VC,RS — 4.7 X 101963735,_2

eg rs Must be very large; but it can’t be too large, otherwise the RS would not produce
emission. Since the cooling break has a large error, we take € g rg = 0.60.



Modeling of RS and FS in Scenario Il -3

At deceleration time ~860 s, the flux is ~ 300 uJy. It is given by

VOpt —B

F(vopt) = F (Vpeak,RS) (V e
peak,

For the values of parameters at hand, self-absorption frequency v gars > vV mRrs ;
thus v jeakrs = V saRs
We know that

1/2
€
F(Vpeak,RS) — FP’(VM,FS) (Ei’ii)

From deceleration time 860 s and A« = 3 x104, we find I = 125. Since e rg =

From first equation above, we thus find v o s = v sars = 9-8 X107 Hz.

Since v ga rs depends on known parameters and ¢ ¢ g, we can determine it.
We find ¢ , gg~ 0.21



Modellng of the radio afterglow - 1

1000 - |

g; :.0: 1 What causes the late radio peak?

Vv m,rs (optical rebrightening). It must
evolve fro 10" Hz at ~10% s to 10° Hz
att~10%s. Can’t be.

v rs ~ 9 Xx10° Hz at deceleration time.
Accordlng to SMO0O, evolves as t 08,

It will be vy rg ~ 1.5 x10% Hz at 1 day
after trigger, then decays faster (jet
break). Can’t be.

Flux density (udy)

100 — '
10 100

Days since GRB

-0.4 —0.
vsars-Wehave V; = JJdX 10°(z 4+ 1) fr ()€, e B AV
(Yost et al. 2003). vga s Will be below 10° Hz at deceleration time. Can’t be.

Vsars ~ 9-8 10'Y Hz at deceleration time. Following SMO0O, it evolves as t 96, Thus
Vaars ~ 3.5 109 Hz at jet break time. Then, vgars ~ T ¥ vgars ; T ~t 12, vgaps ~ 1%
thus vgarg ~ t' after jet break. At 10 days, vga rg ~ 0.5 GHz. However, energy
injection will likely push vgp rg into ~ GHz range. Could be.



Modeling the radio afterglow - 2

* Vsars €an be the peak frequency crossing the observing radio band. Is
the observed flux right?

We found that F(vgars ) ~ 2.2 x 10% uJy at deceleration time 860 s.

For the chosen values of s and g, the flux at peak frequency evolves as t -0-16
uptot,, =13x10°s.

F (peak,RS) ~ T F (peak,FS). In jet break regime, T ~ t 2 while F (peak,FS) ~ t.
But the late shells produce energy injection and E ~ t %4 and F (peak,FS) ~ E*.

All together, we expect F (peak,RS) ~t-1-3. We have F (peak,RS) ~ 700 uJy at
10, as observed.



Some comments on Scenario ll

» Physical parameters are not uniquely determined: other values of s and g can
reproduce similar light curves.

* AKkinetic energy Es, ~ 0.86 implies an efficiency n = Ey/ (Ey + E;,) ~ 0.9, rather
high for any model to produce the gamma-ray emission.

* However, E;5, is only the energy at deceleration time, when energy injection
begins. It is possible that the energy injection is due to trailing shells that have
produced Ey as well. If we use E at the end of observation, we have n = Ey/
(Ey + E;,,) ~ 0.2, more reasonable.

« The beaming-corrected energetics is much smaller. A jet break occurs when
'~ 071 . I'=125 at deceleration time, then evolves as t%21 . Then, at 133 ks
I' ~44 and 6 = 0.023 rad. Correcting for beaming, Ey = 1.9 x 10*° erg.

The circumburst medium is very thin, with A. = 3 10", which implies n ~ 3 x 10+ at
~ 1 light year from the burst. This is not unusual (observed for other bursts, e.g.
130427A, Perley et al. 2013). Some GRB progenitor emit a very thin wind at
the end of their lives.



Is GRB100814A unique? No.

0.001 0.01 0.1 1 10
T T TTTT T LI L |||||| T T T |||||| T T T TTTTT F T T T T
i ! [ T 10000 F E
- | . 1000 f
1 1 Nardini et al. 2011, = ] }
10 = | — 2 100 F 3
- - ! i = £ 10F .
2 B | N % 1 ¥ L E
¥ L e [ 4 =
£ e | § = 01f e N :
S 10-12 K'@ | i _ 0.01 \\.‘ 4
= I = 0.001 (XRT e s
ap . ; ;
3 C " : : Iﬂ ] 10000 F K e 4 14
- o — X H o
i i . Je 3 15
> | | I \
£ _13 X | | I+ Q \ﬁ Zl :
e 10 3 ) | ! E 1000 $ re i 16
| = | | 3 5_ /|
2 - | | e’_i_‘ ] i & 1 a7 5
e - [ [ ® . = i - ¢ =
L | | 2 i = N @ \ * 4 18
" | | ol —~ ® g
E 10-14 | | | | A 100 F © 0‘\Q F { 10 £
[ = | | @ = F ®e o ap
2 E 3 fd 5
C ! oy 7] L *® e 3 204
r Phase i) 1 Phase ii)i Phase iii) ] I oo
- : : _ 10 L _+. +++*¢~ 5 —g 21
10—]5 1 IIIII| 1 II 1 IIIII| | 1 1 IIIII| 1 1 L1 1111 E E 22
1000 104 108 108 ' ' ; —
) 100 1000 10000 100000  1le-+06
t [S after trlgger] Time since GRB trigger [s]

GRB081029A (Nardini et al. 2011, Holland, DP GRB100621A (Greiner et al 2013)
et al. 2012)

Can a complex ejecta structure explain this fast variability?



Other scenarios

« Internal dissipation: the optical emission occurs when shells interact with each
others and I is very high. Some GRBs shows optical flares and fast and variable
rebrightening. Internal dissipation can explain these features, but the emission
mechanism itself is not clear and we lack predictions;

« Change of microphysical parameters. If ¢, and &g of the shocks evolve in
certain ways, one could have an optical rebrightening without X-ray counterpart.
But the required evolution is un-explained and contrived;

* End of energy injection. When the energy emission process ceases, bright FS
and RS reverberates throughout the ejecta, causing the rebrightening. Before and
after the rebrightening, the emission is from FS only. The rebrightening is
prominent only if the ejecta are narrowly collimated. However, this model
predicts a radio flare at the time of the rebrightening, while in GRB100814A
the radio peak is ~10 times later than the optical peak. Some peculiar values
of parameters might allow for an extended radio rebrightening.



Conclusions

- We have gathered a rich set of X-ray, UV/Opt/IR and radio data of the Swift
GRB100814A. The afterglow shows a prominent optical rebrightening peaking at ~1 day,
which has no counterpart in the X-ray. The rebrightening is chromatic. Shortly after the
optical rebrightening, both X-ray and optical fluxes start to decay fast. A radio transient
peaks ~ 10 days after the trigger.

- A double component jet observed off-axis can explain the observed light curves.
However, it cannot explain the rebrightening chromatic behaviour if this is due to transit
of synchrotron peak frequency v;

- In a second scenario, the early optical afterglow is due to Reverse Shock emission,
caused by energy injection in form of late shells, while the X-ray and the optical
rebrightening and Forward Shock emission. This model can reproduce the observed
light curves. However, the transit of v,, in the optical as late as 1 day requires
implausibly high Energy. Numerical modeling constrains how the Lorentz factor of ejecta
evolves in time to produce the light curves. But it still requires that the FS imparts all its
energy only to 1% of electrons.

- A third scenario assumes that early optical and all X-ray emission is from RS, while FS
with a steep spectrum produces the rebrightening. The required E is ~ 10%2 erg. The light
curves features can be recovered, and the late radio peak can be qualitatively explained.

There are other GRBs like 100814A!



What are Gamma-Ray Bursts?

« Cosmological sources of gamma-ray occurring
randomly in the sky, associated with an explosion of a
massive star (long GRBs) or the merge of two
compact objects such two Neutron Stars or Neutron-
Star and Black Hole

e Last from ~10e-3 to 1000 s
* Followed by a long-lived



