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The unusual y-ray burst GRB 101225A from a helium
star/neutron star merger at redshift 0.33

C. C. Théne', A. de Ugarte Postigo
H. T. Janka”, P. Mimica®, ). L. Racusin'’, H. Krimm'?

Pasquale’, E. Sonbas" """ M. Im', W.-K. Park'®, D. A. Kann"’
' ). Lim*,

C. Choi', H. Jeong™, H. Korhonen™*, P. Kubanek'~

Long y-ray bursts (GRBs) are the most dramatic examples of massive
stellar deaths, often associated with supernovae’. They release ultra-
relativistic jets, which produce non-thermal emission through syn-
chrotron radiation as they interact with the surrounding medium®.
Here we report observations of the unusual GRB 101225A. Its y-ray
emission was exceptionally long-lived and was followed by a bright
X-ray transient with a hot thermal component and an unusual
optical counterpart. During the first 10 days, the optical emission
evolved as an expanding, cooling black body, after which an addi-
tional component, consistent with a faint supernova, emerged. We
estimate its redshift to be z= 0.33 by fitting the spectral-energy
distribution and light curve of the optical emission with a GRB-
supernova template. Deep optical observations may have revealed
a faint, unresolved host galaxy. Our proposed progenitor is a merger
of a helium star with a neutron star that underwent a common
envelope phase, expelling its hydrogen envelope. The resulting
explosion created a GRB-like jet which became thermalized by inter-
acting with the dense, previously ejected material, thus creating the
observed black body, until finally the emission from the supernova
dominated. An alternative explanation is a minor body falling ontoa
neutron star in the Galaxy".

On 25 December 2010, at 18:37:45 UT, the Burst Alert Telescope
(BAT, 15-350keV) on board the Swift satellite detected GRB
101225A, one of the longest GRBs ever observed by Swift' (see
Supplementary Information); this GRB had T, = 2,000 s (T, is the
time in which 90% of the y-ray energy is released’). A bnght X-ray
afterglow was detected for two days, and a counterpart in the ultra-
violet, optical and infrared bands could be observed from 0.38 hours to
two months after the event (see Supplementary Information). No
counterpart was detected at radio frequencies’

The most surprising feature of GRB 101225A 1s the spectral energy
distribution (SED) of its afterglow. The X-ray SED is best modelled with
a combination of an absorbed power-law and a black body. The ultra-
violet/optical/near-infrared (UVOIR) SED (see Fig 1) can be fitted
with a cooling and expanding black-body model until 10 days after
the burst (see Supplementary Information), after which we observe
an additional spectral component accompanied by a flattening of the
light curve (Fig. 2). This behaviour differs from a normal GRB where
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Figure 1 | Temporal evolution of the ultraviolet, optical and infrared
(UVOIR) spectral energy distribution. The ultraviolet, optical and infrared
counterparts were detected by UVOT (the ultravialet telescope on board Swift)
and several ground-based facilities, from 038 h to nearly 2 months after the
GRB. This plot shows the evolution of the SED from the onset of the optical
observations at 0.07 days to 40 days for all epochs with sullicient data to model
the SED shape. Filled circles, detections; triangles, upper limits; error bars, 1o
I'ke additional orange line on top of the smooth model at 2.0 days shows our
flux-calibrated spectrum taken with the OSIRIS/GTC. The SED evolution
requires two different components, a smple expanding and coaling black body
up to ~ 10 days and an additional supernova component for the kst four
epochs. The solid lines show the combined evolution of the black body and
supernova contributions, the dashed lines from day 5 on show the evolution of
the black body component alone. The UVOIR black body evolves from an

d) 105,000 K (18 d) and increases in radius
3 Ve used the SED at 40
days to fit the supernova component with a template of the broad-line type Ic

initial temperature of 43,000 K {0
- - A1 - 1014
from2 > 10 anto < 10 <mal the sam

supernova 1998bw which w.
UVOIR data of XRF 060213
component av 1

d a similar thermal
t with an earlier onset of the supernova
component (see Supplementary Information)
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The unusual gamma-ray burst GRB 101225A
explained as a minor body falling onto a neutron star

S. Campana’, G. Lodato®, P. D' Av anzo', N. Panagia™*”, E. M. Rossi”, M. Della Valle’, G. Tagliaferri’, L. A. Antonelli®, 8. Covino’,

G. Ghirlanda', G. Ghisellini', A. Melandri', E. Pian™'

B. Sbarufatti' & S. D.Vergani'

The tidal disruption of a solar-mass star around a supermassive black
hole has been extensively studied analytically'* and numerically’. In
these events, the star develops into an elongated banana-shaped
structure. After completing an eccentric orbit, the bound debris falls
into the black hole, forming an accretion disk and emitting radi-
ation" ”. The same process may occur on planetary scales if a minor
body passes too close to its star. In the Solar System, comets fall
directly into our Sun” or onto planets®. If the star is a compact object,
the minor body can become tidally disrupted. Indeed, one of the first
mechanisms invoked to produce strong gamma-ray emission
involved accretion of comets onto neutron stars in our Galaxy”.
Here we report that the peculiarities of the ‘Christmas’ gamma-ray
burst (GRB 101225A"") can be explained by a tidal disruption event
of a minor body around an isolated Galactic neutron star. This would
indicate either that minor bodies can be captured by compact stellar
remnants more frequently than occurs in the Solar System or that
minor-body formation is relatively easy around millisecond radio
pulsars. A peculiar supernova associated with a gamma-ray burst
provides an alternative explanation'".

GRB 101225A image-triggered the Burst Alert Telescope (BAT) on
board NASA's Swift satellite on 25.776 December 2010 UT. The event
was extremely long, with a Ty, (the time interval during which 90% of
the flux was emitted) of =1.7ks, and smooth" by comparison with
typical gamma-ray bursts' (GRBs). The total 15-150-keV fluence
recorded by the BAT is =3 x 10 ° erg cm~* and there are no signs
of decay. The X-ray Telescope and the Ultraviolet-Optical Telescope
on board Swift found a bright, long-lasting counterpart to the GRB.
Strong variability is observed in the early X-ray light curve. The optical
counterpart, which was detected in all of the Ultraviolet-Optical
Telescope filters, lags the X-ray light curve (Fig. 1). The X-ray and
optical light curves are reminiscent of the shock break-out event
observed in association with GRB 060218", but are fainter
(—3.5mag; that is, fainter by a factor of —25) and do not have an
X-ray afterglow at later times or a bright supernova component.
Measurements by the European Space Agency’s XMM-Newton space
observatory failed to detect an afterglow with an upper flux limit of
~10" "ergem s~ ' at the 37 confidence level (0.5-10keV; obser-
vation made at At = 23 d after the trigger).

Ground-based telescopes also followed the event, mainly in the R
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Figure 1| Light curves of GRB 101225A. GRE 101225
energy bands: X-rays at 1 keV (black), ultraviolet 2
{blue), and optical at 6,400 A (R band, red) and 7
bars, la. Black arrow indicates the XMM-Newton upper limit. Other arrows

indicate UV and optical upper limits accordis heir colour coding. The X-ray

ht curves in five
green) and 2634 A
DA (I band, orange). Error

light curve represents only the disk contribution to the total flux {~0.3 of the total,
as derved from spectral modelling) and is corrected for the interstellar absorption
column density, of Nyy = (20 + 0.1) % 107" em ™ (which is

Galactic value, N[ =7.9x 10°° am

due to the fraction of the minor body's mass that has been expelled from the
system. The continuous lines of different colours (the same as the data) represent
the fit to the light curves using the phenomenological model of tidal disruption®
Because the model predacts a late transition of the accretson disk to a ‘cold’
solution, the fit has been carried out up to ~20d (the excluded region is indicated
inpink-grey). A thick pink line indicates the time of the transition. Our model has
four parameters: the mass of the minor body (M-; we assume for simplicity a
density of 1 gem fixing the radius, R+), the periastron (rp), a
geometrical factor (I /cos(i), where D is the source distance and 1 the source
inclination) and the optical absorption (A). The best fit is obtained for

Mee=5% 10" g rp = 9% 10 km, D/ /cos (i) *3 kpcand Ay = 0.8 {in excess of

the Galactic value, A

0.3, consistent with the vakie determined by X-ray
eak mass accretion rate with these parameters is

. |
and the peak luminosity 1s L == 3 X 107 ergs ', consistent

analysis)
M=2x 10"

with our hypothesas of sub-Eddington accretion. In this regime, no emissson lines
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Fusién de la estrella gigante y la de neutrones. / ‘Nature’

Cientificos espanoles descubren
una novedosa muerte estelar

“Es una de las imégenes mas profundas hechas desde la Tierra”

Amparo Ledo. Madrid

El dia de Navidad de 2010
se produjo un estallido de
rayos gamma que rompia
los patrones existentes.
Ademas de una duracién
muy superior ala media, la
explosion mostrd un res-
plandor posterior de ori-

gen térmico inédito hasta
el momento. Las estrellas
habian encontrado una
nueva forma de morir o, al
menos, hasta ese dianunca
se habia observado.

El fenémeno, que obliga
aafiadir un nuevo escena-
rio a los dos existentes

para explicar las explosio-
nes de rayos gamma —el
tipo de luz més energético
conocido-, se publica hoy
en Nature en un articulo
liderado por Cristina
Théne y Antonio de Ugar-
te, del Instituto de Astro-
fisica de Andalucia. El pri-
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NASA's Swift Finds a Gamma-Ray Burst With a Dual Personality

mer estudio basado en
datos del Gran Telescopio
de Canarias (La Palma)
del que se hace ecola pres-
tigiosarevista.

Ambos investigadores,
que estudian las muertes
estelares mds violentas
que se producen en el Uni-
verso, apuntan que “este
descubrimiento presenta
un tipo de evento predicho
pero nunca observado con
anterioridad. Revela como
los grandes telescopios
actuales son capaces de
mostrar fenémenos en el
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This animation illustrates two wildly different explanations for GRB 101225A, better known as the

01:40 o) |i||;|

"Christmas burst.” First, a solitary neutron star in our own galaxy shreds and accretes an approaching
comet-like body. In the second, a neutron star Is engulfed by, spirals into and merges with an evolved

glant star in a distant galaxy. (Credit: NASA/Goddard Space Flight Center)
Download this video and related content from NASA Goddard'’s Sclentific Visualization Studio

WASHINGTON -- A peculiar cosmic explosion first detected by NASA's Swift observatory on Christmas Day 2010 was caused
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The unusually bright and long-lived
gamma-ray burst that appeared on
December 25, 2010, is an enigmatic
holiday gift that isn’t quite
unwrapped yet.
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After nearly a year, scientists trying
to catch the culprit behind the
perplexing explosion have arrived at
two completely different answers,
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"Weihnachts-Gammablitz” noch langst nicht
entratselt

eihnachten 2010 entdeckten Astronomen am Nachthimmel einen ungewohnlichen Lichtblitz.

Zwar erinnerte dieser an einen Gammastrahlenausbruch, doch seine Eigenschaften passen zu
keiner gangigen Theorie fur solche Explosionen. Nun versuchen sich gleich zwei Forschergruppen darin,
die Beobachtungen mit alternativen Modellen zu erklaren. Demnach konnte die Ursache in einer
Kombination aus Gammablitz und Supernova liegen oder aber in einem kleinen Himmelskorper, der auf

einen Neutronenstern stlrzte.

Der Gammastrahlenausbruch GRB 101225A dauerte mindestens
eine halbe Stunde, wahrend bei gewdhnlichen Ereignissen
maximal wenige Minuten vergehen. Zudem verblasste das
Nachglihen viel schneller als bei anderen Gammablitzen und wies
tberdies ein von der Norm abweichendes Energiespektrum auf.
Um diese Eigenarten zu erklaren, warmten Sergio Campana vom
Osservatorio Astronomico di Brera in Merate, Italien, und Kollegen

ein bereits im Jahr 1973 vorgeschlagenes Szenario auf.

Ein Komet oder Asteroid nahert sich darin einem alleinstehenden

Neutronenstern auf weniger als 5000 Kilometer, worauf ihn die

Neutronenstern Q

R . auftretenden Gezeitenkrafte zerrissen. Ein Teil der Trummer fiel
zerreiBBt kleinen

auf die Oberflache des Sterns, was zu dem beobachteten
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_GRB 101225A Lightcurve from Swift—BAT
« Swift image trigger 5x107°

e very long Tgp > 2000s
(probably emission up to 9d)

3x107°
2x107°

1x107°

« XRT observations at 1400s
brightest X-ray counterpart of o
any Swift GRB at Several 1000 S —6000 —4000 —2000 O 2000 4000 6000 8000

Seconds from 2010-12—-25T18:37:45.5 UTC

Flux (ergs / cm*2 / sec)

0

 optical counterpart at 1.5h First OT 1 1mage PLE

* no radio afterglow
(Zauderer et al, Frail et al.)




A STRANGE AFTERGLOW

Swift/XRT data of GRB 101225A
blue: WT — red: PC

e X-rays: - “ XRT lightcurve
- PL + BB best fit
20% BB - contribution
T ~1 keV
(other models possible
though...)

1 Steep deCIine: t_595 ' 1 Time since BAT trigger (s)

Flux {0.3-10 keV) (erg cm-2s-)

-->no synchrotron 1. orbit
- no periodicity (?)

1077 2x10'7 5x10"7 1018
Frequency (Hz)




A STRANGE AFTERGLOW

e X-rays:

redshift

- PL + BB best fit
T ~1 keV
- steep decline: t~>°
-->no synchrotron
- no periodicity (?)
- redshift <0.5

99.73% confidence

95% confidence
90% confidence
68% confidence

1. orbit analysis

BB kT (keV)

N, (102" cm=2) R @ z=0.3 (cm) Obs. BB %

1100 1150 1200 1250 1300 1350

rest frame time since BAT trigger (s)



LARGE OBSERVING CAMPAIGN IN
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Thanks to A. de Ugarte Postigo!

A STRANGE AFTERGLOW

e X-rays: PL + BB, steep decline
redshift <0.5

e UVOIR afterglow SED:

=wery blue color in the beginning

- color changes (sign of PL-slope

changed the first days)
0.07 days
uuh?21? 017 day
- modelled with 1.1 days

—t
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expanding+cooling BB
(not a GRB??)
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A STRANGE AFTERGLOW

—_— ——

e X-rays: TC, steep decline
redshift < 0.5

e UVOIR ,afterglow” SED:

- very blue color, color changes!

- modelled with
expanding+cooling BB

e UVOIR Lightcurve:
flat for ~2 days, decay, stable at

30d, new decay (SN?7?)

Flux density (Jy)

o

Flux density (Jy)

X (10 keV)
W2 (1,928 A)

B (4,390 A)

r (6,400 A)
i (7,700 A)

Vo
\ 7 (9,050 A)
Ry ~.

—— Black body + supernova -
- - - Black body

=== SUpernova

0.1 1.0
Time since burst (days)




A STRANGE AFTERGLOW

e S ————

e X-rays: TC, steep decline
redshift < 0.5

PAndAS - survey: CFHT

e UVOIR afterglow” SED:
expanding+cooling BB

e UVOIR Lightcurve:

flat for ~2 days, decay, stable at
30d, new decay (SN??)

i T:| dill @
® 4o ] SRR - Cn Sh 4 ;

e CALOUL LA CUVDLILLIL T Ue | And ¥ @-” ndXxQ

Fitata | O
< @ Andll Andxl )
, And Xl

_Andxvl

NP L A% T e VAT 4 ]
A 1\ LN Al 47V 111 11Aal 1 uyvvuQAQliul

L N 77 ) B
=~ 111 1YAU 1 .« .

AndXiv O




A STRANGE AFTERGLOW

e X-rays: TC, steep decline
redshift < 0.5

30
L.

e UVOIR ,afterglow” SED:
expanding+cooling BB

e
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6000 7000 8000 9000 10000

e UVOIR Lightcurve:

flat for~2 days, decay, stable at
30d, new decay (SN??)

GTC spectrum at 2 d

e featureless spectra at several

epochs




Thanks to AdUP + J."Gorosabel!

SUPERNOVA FITTING

No spectroscopic confirmation
Keck spectrum at 40d
had low S/N

SN + redshift by fitting templates
of different SN types:

best fit with SN 1998bw
7=0.33 0.07/-0.04

Maps=-16.7 mag
faintest GRB-SN!

flux density (Jy)

flux density (Jy)

SN1998bw

5x10"
frequency (Hz)

SNIib/c
SNII

SNIlI

black body

5x10"
frequency (Hz)




SUPERNOVA FITTING

e No spectroscopic confirmation

Keck spectrum at 40d
had low S/N

e SN + redshift by fitting templates
of different SN types:
best fit with SN 1998bw
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. 101225A

® 7=0.33 +0.07/-0.04

0.4 0.6 0.8 1.0 1.2 1.4 1.6
® Mabs:'l 67 mag stretch factor s

faintest GRB-SN! adopted from Ferrero et al. (thanks to A. Kann)

e 1/12th of luminosity
5=1.25 compared to SN1998bw



PHYSICAL DISTANCES/RADIUS

e Eiw> 1.4 x 105! erg .
(higher than for most nearby GRB-
SNe)

e X-rays: radius (~3 solar R) and
temperature constant!

e optical:
- R starting from ~13 AU, simple
powerlaw
- T cooling from 80,000 to 5000 K,
more complicated evolution
> Vini~70,000 km/s
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1.00
Restframe time (d)

e optical/X-ray BB cannot come
from same process



SIMILAR SN-GRBS IN THE PAST??

*£0.085 days

¢ X-ray TC in 3 other GRBs: 3=

060218, 090618, 100316D
(Campana 06, Page 11, Starling 11)

2 very long GRBs

flux density (Jy)

e optical TC in 2 other GRBs/SN:
060218, 080109 (SN 2008D)

frequency (Hz)

black body radius (cm)

GRB101225A

e optical

GRBO60218 o
@RB100319D @

¢ Short

restframe temperature (K)

Long

1.00
restframe time (days)



SIMILAR SN-GRBS IN THE PAST??

e X-ray TC in 3 other GRBs: |
060218, 090618, 100316D - e * S

[ uvwl
wwm?2

(Campana 06, Page 11, Starling 11)

GRB060218

e optical TC in 2 other GRBs/SN:
060218, 080109 (SN 2008D)

e GRB 060218: optical BB with similar I
evolution, X-ray BB radius larger

101225A
19 F 060218 N

\\I*‘
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by !
f“h'ui
L

10

10~
100 1000 104 108

time since trigger (s)




SIMILAR SN-GRBS IN THE PAST??
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e X-ray TC in 3 other GRBs:

060218, 090618, 100316D
(Campana 06, Page 11, Starling 11)
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e optical TC in 2 other GRBs/SN:
060218, 080109 (SN 2008D)

e GRB 060218: optical BB with similar
evolution, X-ray BB radius larger

S
RS

adius

black body r

1.00
restframe time (days)




SIMILAR SN-GRBS IN THE PAST??

e X-ray TC in 3 other GRBs:
060218, 090618, 100316D

e optical TC in 2 other GRBs/SN:
060218, 080109 (SN 2008D)

 GRB 060218: optical + X-ray BB
-> a twin with different progenitor??

=
xS

e XRO 080109: no X-ray TC,
optical BB consistent with extension of

the shock breakout

black body radius

e GRB 100316D: X-ray BB
optical not enough data :(

 GRB 090618: X-ray BB, PL afterglow!




preimaging from CFHT:

candidate at g~27.2 mag (2 sigma)

deep observations from GTC (4h):
o207 + /- 0.27.(

=269 +/-0.14

blue C.‘S (?)

at z=0.33
Moaps=-13.7 or 0.0001 L*
(GRB 060218: -15.9 mag)

not resolved

HST Jan. 2011




GRB 111209A - A COUSIN??

e Very long duration (>10ks?)

e X-ray lightcurve: 111209A
similar shape
sharp drop
strange ,, dips”

e But:
lighteurve + SED powerlaw
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some very early color changes

(could be prompt emission)
1000 104
Time since burst (s)

o 7=0.67
emission lines from host detected
(host itself not yet detected with
HST, must be compact)






AN OLD MODERE

® Fryer &Woosley';ln9“99 /
Zhang&Fryer 2001:
He-star - BH merger with

comn)% envelope phase

® . CE .@as" leads to mass ejection: & -
suggested as a way to remove
- H-envelope in GRB progenitors

® tgansfer of angular momentum:
spin up of core -> GRB

-1000 -500 0 500 1000
x (108 cm)

W. Zhangé&Fryer 01
® . weak SN produced (if any)




Thanks to C. Fryer!

THEORETICAL MODEL OF THE EVENT

® Progenitor system:

Close binary system of evolved He Star and NS

'® . Final erge

® Part of the jet gets thermalized when interacting ' .

no synchra 1sslon

SN shell. vertakes CE-shell




Thanks to M. Aloy!

EMISSION MECHANISMS

&

(@) _ 1
About 80 sec Y-ra,ys i 5 L |:(:3 hours after UVO I R B B

after the GRB the GRB
UuveT

emissioen

External elativistic

medium itting the Sur wings of the
oundary ; relativistic jet

CE-shell penetrating the
é CE-shell

s
(d)
(b) >§ ter V
_rays Few days af Superno a

About 4700 sec the GRB
after the GRB

subrelativistic UvoT

/ jet breaking out emission

of the CE-shell

wings of the wings of the
relativistic jet I relativistic jet
penetrating the penetrating the
CE-shell CE-shell

compact
remnant




JET THERMALIZATION -
MODEL e
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density = pressure Lorentz-factor
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JET THERMALIZATION -
MODEL.

'® Model by Huang et al. 2000 -

® Modeling interaction of jet |

with the funnel UVOIR emission
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® [, =100, i, = 2deg initially
v ~0.25¢, 0 ~ 70 deg after
breakout

black body radius (cm)

—k
o
]

® model deviates only mildly
from powerlaw evolution
for radius

polynomial fit

restframe temperature (K)

model

T-evolution no powerlaw

1.00
restframe time (days)







ALTERNATIVE MODEL(S)?

Campana et al,, the other Nature:

Tidal disruption of a min'(‘_)r'.b: dy (e
comet) near a neutron: stéir’f
distance ~3 kpc '
optical emlssm 1 € xplame. o!
(very old mode for GRBS. 3

1Thy.

10-10 o

1011 10-11
10712

10713

Flux (ergcm=2 s)

10714

Problems: | 107

- place in the hlgh above t e 1 5
'_> exp olled f . ” : e,f Campana et al. 201 Time after trigger ()

- no explanation for tk

- neglect SN bump 1 1q sregsencs] 2

- persistent source (=our host) \ R
isolated NS with emission from magnetosphere? T, ;
(cold isolated NS would have mag~33) . s mli
emission from protoplanetary disk = - ?}fgggd@\.\ ObsT" ° <

(e.g. Wang et al. 2006)7 : Dust disk!

KsH J || RVB

1014

_ Wang et al. 2006 Frequency (Hz)




'ALTER ODEL(S)?

Campana et al., the other Ne
Tidal dlsruptlon of a mi
near a neutron star in the - \
distance ~3 kpc 4
- optical emissig
(very old mg

Tidal dis 1 event ¢ Sw 1644457 /N
: g " ; blazar .
galaxy (L eV

o~
TOF ¥
AGN

Explains: dlps i1 o
Problems: S Lo, R
- rather short duratlon o 1 oAl "."fna—rays
- has to be coincident W1th é ter o the -

galaxy (we will see.. ) e




New obsérvat-lons
-HST (??)
- Chandra (??)

- Effelsberg (radio) e |
s ground based im , ( 77) Gy :

we

.
4 "

I‘s GRBh e event
J&B

® : | HST: extended so
e poin't source.

' X- ray detectlon 3

by . | nondetect1

' radlo detectmn —>

nondetec%on --’f






