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Bird’s eye view of LHAASO, 2021-08
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20210511131 236/0.554788897: nTrig=-1, 0=37.81=0.02%, f=103.39+0.027
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very few muons

~1 PeV from the Crab

LHAASO-KM2A
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CR background Rejection Power

» Counting number of measured muons in a shower
o Cutting on ratio N,/N,<1/230
o BG-free (N,>10N.g) Photon Counting

for showers with E>100 TeV from the Crab
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FORMATION OF A GAMMA-RAY BURST could begin
either with the merger of two neutron stars or
[T with the collapse of a massive star. Both these z
\ events create a black hole with a disk of material 7
NEUTRON STARS around it. The hole-disk system, in turn, umps

| ’ out a jet of material at close to the speed of light.

N Shock waves within this material give off radiation. | JET COLLIDES WITH

AMBIENT MEDIUM
[external shock wave
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[internal shock  RAYS
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. GRB221009A

LHAASO observed the brightest GRB in last 60 years°

1. >5,000 photons recorded above 200 GeV

2. Significance >131 ¢
3. Photon energy: E

Photon energy E: 0.5 TeV

South-North [ degree ]

West East [ degree ]

Significance [ s.d. ]

South-North [ degree ]

x~ 18 TeV

3 TeV

25 15 -1 05 0 05

West-East [ degree ]

Declination [ degree ]

RA [ degree ]

GCN 32677 on Oct. 10", 2022

Significance [ s.d. ]

8 TeV

[6.3-10.0]: S=7.6

285 286 287 288 289 280 2M 202
Ra (Deg)

Elevation [ degree ]



*@/ GRB 221009A: a very rare event

B v T FEI 3k
1. arXiv:2302.03642 [pdf, other]

GRB 221009A: Discovery of an Exceptionally Rare Nearby and Energetic Gamma-Ray Burst
Authors: Maia A. Williams, Jamie A. Kennea, S. Dichiara, Kohei Kobayashi, Wataru B. Iwakiri, Andrew P. Beardmore, P. A.
Evans, Sebastian Heinz, Amy Lien, S. R. Oates, Hitoshi Negoro, S. Bradley Cenko, Douglas J. K. Buisson, Dieter H.
Hartmann, Gaurava K. Jaisawal, N. P. M. Kuin, Stephen Lesage, Kim L. Page, Tyler Parsotan, Dheeraj R. Pasham, B.
Sbarufatti, Michael H. Siegel, Satoshi Sugita, George Younes, Elena Ambrosi , et al. (31 additional authors not shown)
Abstract: We report the discovery of the unusually bright long-duration gamma-ray burst (GRB), GRB 221009A, as
observed by the Neil Gehrels... ¥ More

Submitted 7 February, 2023; originally announced February 2023.

Comments: 30 pages, 13 figures, submitted to ApJL

Even more remarkable, we can use these results to
derive the rate of GRB 221009A-like GRBs within the
volume out to z = 0.151 (1.1Gpc™3). This implies
we would need to wait over ~10° years to detect
another GRB 221009A-like event within this vol-
ume. The combination of the large energy release and

the small distance make GRB 221009A truly a once in a A SOI‘:g:
lifetime phenomenon. ‘T‘#‘éff"“ =) Loosss

Fluence: >5 X 10 2 erg/cm2 atz=0.15 Rgppcomov(Z=0) = 6.1 X 1074 Gpc_?’ yr_1



‘\"m]‘éy GRB 221009A

IA,]IAA\SC)‘ - )l ‘ r o
&80T AR The brightest of all time
« Highest fluence / peak flux (An et ’g w|
al. 2023) 5 10t] -
» Nearby S 100
» Highest energy / peak luminosity i I
(An et al. 2023) 210 o to
 Once a 1,000/10,000 yr event 1| (8 =
E

10774

(Burns et al. 2023)

107 10 10~ 10°* 107 102 107!
Bolometric Fluence keV [erg/cm?]

By Bing Zhang




R R Even much less chance for
it in the middle of FoV of LHAASO

» The burst of 64k photons in 270 seconds
versus the exposure of the Crab for 508 days

200 289.5 289 288.5 288 287.5 287 286.5

‘o
8 [}
N — 300 o
g % The Crab for 508 days
250 §
3 24
(7]
200 —
[}
150 & ez .
c
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100 20
50
18
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RA [ degree ]

R.A. [ degree ]
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RB 221009A: A Complete View of the Burst

- A
'“F Fermi/GBM

o Triggered on a precursor at T,
» Silent phase of ~¥170 s before the
huge prompt emission of y-rays

» The brightest-of-all-time (BOAT
GRB) blinded GBM and LAT

10°F

Count rate [ count s™]

3_: l
» Fluence: >5X102 erg/cm? N :
= | LHAASO/wCDA
derives an enormous E, ;;~10> erg £ | |
V4 (=] I
2 I
» Onset of the afterglow ~230 s g .
S |
» Flares found in both prompt and 8 o
il l' Al T i IIL. ”|I| ‘ |I-‘| |F||\
afterglow phases A s
0 100 200 300 400 500 600

Time since GBM trigger [ s ]
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Count rate [ count s™]

Prompt Emission

0 100 200 3 300 400 500 600
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Count rate (80-320 keV)

0
|
|
1
I
- KONUS-WIND |
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» By KONUS-WIND R
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Onset of the afterglow

Count rate [ count ]

» LHAASO on GRB 221009A:
the 15t GRB seen by EAS
detector

L
600

» Light curve: complete
temporal profile at TeV

Count rate (80-320 keV)

— dominated by the

external shock origin Rl it el - P




Reference time T~

o The reference time: T* = 225-228 s

» A good approximation of T*is the
main burst in prompt phase (Lazzati,
Zhang...)

» Fitting of LHAASO light curve:
T =226, s

T T I T 1 1 1 1 1 I T T 1 | 1 I T ] 1 1 T [ T T 1 I U 1 U I ‘f

) ¢

b= /i
o]
, - S /
Og-. -
o T bvp 6 00 # ~
T =T, +225.66"5; .
L I 1 | L | L L 1 | L L L | L 1 Il | 1 L 1 | L 1 Il | 1 L 1 I
216 218 220 222 224 226 228 230
T-T,[s]

Rate [ Hz ]

35000 F

30000
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5000 |
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;/};A - What we’ve learnt from the GRB 221009A

ITAASO
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1. The initial bulk
Lorentz Factor
of the ejecta

» From the time when the main prompt emission
reaches the peak flux (~T*) to the moment when
the afterglow reaches the peak, it takes

~18 s

» The initial bulk Lorentz factor is estimated as

N T T T T
220 L 230 240 250 260 270 280 290

1/8 »
SE I /8 —1/f Lpea —3/8 %
o = ( . ) — 44UE;§3:1DI-*‘*‘( : “) T t(s)

543 .
32mnm,cts 18s




%A\\ What we’ve learnt from the GRB 221009A
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2. Upper limit on emission in TeV
band in prompt phase

» The most strict limit on the TeV
prompt emission before T"

R=F,,/Fy.y <3 X 103

» Asaconsequence, the jet mightbe = .
: : s | e
highly magnetized f o




Ny What we’ve learnt from the GRB 221009A

FHIAASO

AT *lmplymg a low Compton ratio

Assuming the internal dissipation radius ~101° ¢m m,
according to the scale of variability of the prompt emission

Y = LSSC/Lsyn ~ R/(f’y’yfspec) < 1.6 x 107 SRm 15 spec

Vm
T <(p-2)7
Ym

- Ee
Y = Y(Ym) = — ~1/2
€5 (p—2)(ZT) ))j:m>(p—2)2, mm) fxn~ 0.1

> , magnetic field energy density is much larger
EB’m T goee’m than the energy of relativistic electrons

Favors a magnetically dominated jet



— . GRB 221009A: other constraints

ILLHAASO -

& b A F F R AL 2 * Prompt emission: synchrotron

. + Afterglow:
/ \ R + Early LHAASQ afterglow:

consistent with a Poynting-

) '\ E: Lol N flux-dominated jet
| diien g S b W, .
4 S o * Late multi-wavelength

o afterglow: early radio
o ——————] I U L A S B emission requires reverse

i - 3 shock contribution (Gill &
Granot 2023)

: ) —_— only, no thermal component -
consistent with a Poynting-flux-
o - dominated jet (Yang et al. 2023)
1

F (ke em® 57

T
Enamgy [kaV]

=
=
-

Strong thermal

component indicate E
photosphere 3
T

dominant jet

Rare case
GRB 090902B

NP, St i - . i — :
s AL ' =L | u . o o | NG
R | - . i o i} s
R ] H i e . L i o
4 S . i 1 i =
¥ T 2 [ . 1 - i¥ b i " 0 L ] nl !
_ |. |1 T i 16 L s
10# 108 10 i 107
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TR 3. Rising phase

» Synchrotron Self-Compton mechanism
Is iImplied by the broken power-law

» Light curve ~t? favors k=0 (ISM), and
disfavors k=2 (stellar wind)

Energy flux [ erg cm?®s™]

n o< R7F
(RO ()T st 0 <y <y ,‘
F, =4 FIS(L)=% oc ™50 12, 10 <y < 1O (12| £
| FIOWIY 3 (110) 35 T Tt SN VEN max (v} V1) g
= = 1 H10 I 10° B 10°
& The fast rising: implying a free Timesince T (]

expansion with an increase of number of
electrons accelerated at the external shocks
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Decay phase: $SC ay = — 111575015

: : A e
» Standard decaying behavior 7wl
B e HT |
F, = F%C(VILC)_% X t%, viC < v < IC (13) ?» o f
\ anC(V}S)pT_l yic)%y_g o max (v, V10) ol bbb e b
LB | R
_p‘
dN./dF < ETP  p~ 2.1 o Ll

Spectrum Index

A fast component!

* Very fine jet structure may be Time since GBM trigger + 226 5 [ 51
revealed at VHE ?
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\ A SO

T 4. A “jet break” : Observational evidence

geometric effect, the time

_.

=t
1
=

A | 302N, <40 B I 0 <N, <63
- Energy independence ;.. o, L ke
_ _ 'l é Wi, i f g,
As a pure kinematic and £l ﬁ wm;% | M

when the break appears | i' 1@ | ‘ 3
ShOUld be energy 107527 _——— ‘ * — J:

63 <N, <100 T

lndependent ) 10’5;— wéfﬁ%%@%'ﬁﬁ@w “ | Hﬁﬁ&qﬁﬁmﬂ i )
% _oé‘} :Ir Wﬁw 4§ | l[ 00 | .t%%%?

» LHAASO observed the : | M g, I Vo,
“break” in four energy : | | ™~ N
Wil W

L S O P S R PRV 11 I N A P S TR | onl LN
1 10 10° 10° 1 10 10° 10°

Time since GBM trigger + 226 s [ s ] Time since GBM trigger + 226 s [ s ]
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Relativistic
affects « -
. (o

&
= /\ \\ P Break time

Jet opening
S0

; S
Gamma-ray

Jet Features  —-—-

. Jet structure may be
revealed at VHE band

. A “Jet break” at high  wwe ..
energy, indicated by N

U Bam

the existence of the fast |
decay component,

could be the evidence

of the narrowest beam

o
~ 1 Cemirel Enging

. 15t time to see the HE
“core” of the jet

log-log plot

| LHAASOLC.

Time

For the first time in the world LHAASO observed
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FXTLLZ T Very lucky? Sure it is!
Only in VHE band, the “core” has be revealed?

/ - GRB 221009A \ / GRB 170817A (off-axis)
% E,, (erg 30 E. (erg

1x 1
-_— = =
(deg) I

5x

Versus

-30

The “core” of a nearby GRB
might be revealed:

seeing a nearby GRB at
large angle

A good hint for the I '
K unprecedently large fluence j K y
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» First time seeing a jet break at TeV band
» This helps to understand

why it is the BAOT GRB

o L.

Very narrow jet:

GRB 221009A an ordinary burst

ne total energy of the

G

RB is normal

5 1/8 1/8 [ b2 By

670 s

I
i Bloom et al. ,
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ILLHAASO -

wsersmams - nner core is not sufficient... ?

A L » Some wider components are
41 ———0.3-5 TeV(x10 1 )
L S —03—10;\,’{)( VT outside the core?
——0.1-10 GeV(x0.1) » Implying an “structured jet”
"._m 20
o
= 19
o 108 | 6
o 2
é "
10-10 3 {15
14
_ 13
10712} E v
0 2 4 6 ;
10 10 10 10 Gottlieb et al. 2021

Time since GBM trigger + 226s (s)
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s 5. Time-sliding SEDs::

B A F FEHM 2

A ——— -7 7 777" & z~0.152, EBL absorption above 3 TeV
10° o »  EBL model: A. Saldana-Lopez et al., Mon. Not. R. Astron. Soc. 507,
~'.-;' ] 5144-5160 (2021)
o 107 7 .
E 1 < Intrinsic SED:
2 107 E 2.3
o : » Power law: ~E=
X 10 3 .
n 7Y Y v » No hint about cut-off below 10 TeV
o 10°° = . c
“ ] » Moderate spectral evolution is observed
o Bl 5. 14] s (x10) Bl 4,220 s Bl 22 100] s (x0.25) [ T 41100, 674] s (x0.2) 1
10 Bl 71574, 1774] s (x0.3) —F— T*+[-6, 4] s (x0.05) 3
1 Il 1 1 1 1 L L | 1 1 L 1 L 1 L 1
= : : : : : Illl : : : : : III: - 1 L 1 LI 1 L I L=
- B ] - A
1075?— E| — 5
:'-;' sE E ‘;D 10755_ > he E
o~ 10° E = o - o 3
E - 3 5
o - 7] o i ; a
2 E g 107 | ™ E
I: 10—8:— —: 5 # “ ]
= E ? -; o -
L:- - . 2 1wk ke-., =
W10 E EOf - "IN
o - B s 1415 x10) [ T4 22) s B (22, 100] s (x0.25) . i
10 E B 7100, 674 s (<0.2) [ T+1674, 17741 s (x0.3) 3 108 [ | |
. ] . L L . | T A _ L
107 2x107" 3x10™ 1 2 3 4 5 6 780910 1 10 10° 10°

Energy [ TeV ] Time since T* [s]



@ Multi-wavelength modelling of afterglow
synchrotron + SSC:

B kR T FEHW 3
simultaneously fit light-curves in AE and time-sliding SEDs

T'4[5, 14]s (x10)  ——— T*+[100, 674]s (x0.2) 3

102 <
i T*+[14, 22]s T*4[674, 1774]s (x0.3) |
T*+[22, 100]s (x0.25) -
107
"-U) "_U)
o o -5
£ e 10
(&} o
> >
9, 9,
x x 10 6
= 5 ;
- § [
> =2 1
2 107 F——
w e ;
o[ ——03-5 TeV(x10) ] sl
0 ——03-10kev BB 1
———0.1-10 GeV(x0.1)
10.10 . PP | N PSR | . NP | . NP | 10.9 R N
10° 10’ 102 108 10* 107" 10° 10"

Time since T™ [s] Energy [TeV]

E. = 1.5 x 10 erg, Ty = 560, €, = 0.025, 5 =6 x 1074, p =2.2,n = 0.4cm 2 and §, = 0.8° .



Trmasoe SEDsat T > T* + 100 s -

indication of slight deviation from the one-zone $5C model

103 F T*4[5, 14]s (x10)
: T*+[14, 22]s
T*+[22, 100]s (x0.25)

—

<
S
T

—

<
o
I

—h
S
4

Energy flux [erg cm™? s™]
=

—

<
e}
I

T*+[100, 674]s (<0.2)
T*4+[674, 1774]s (x0.3)

—
=
w

10°
Energy [TeV]

—
<

10!

Time interval A ¥ Ecut X2/ dof
(seconds after 7o) (1083 TeV—lem—2s1) TeV

Observed spectrum

231-240 429+ 2.7 2.983+0.061 3.14 (fixed) 4.6/6
240-248 70.1 +3.8 3.006 +£0.052 3.14 (fixed) 8.0/6
248-326 39.9+1.0 2.911+0.028 3.14 (fixed) 14.8/6
326-900 7.35+0.16 2.788 +£0.026 3.14 (fixed) 8.9/6
900-2000 0.959 £+ 0.043 2.880 £ 0.067 3.14 (fixed) 2.9/5
Intrinsic spectrum, standard EBL
231-240 127.3 £ 7.9 2.429 4+ 0.062 \ 3.1/6
240-248 208 + 11 2.455 £+ 0.054 \ 6.5/6
248-326 117.8 + 3.0 2.359 £+ 0.028 \ 8.7/6
326-900 21.77 £ 0.47 2.231 +0.026 \ 3.4/6
900-2000 2.84 +0.13 2.324 + 0.065 \ 2.2/5

EBL model: A. Saldana-Lopez et al., Mon. Not.
R. Astron. Soc. 507, 5144-5160 (2021)

statistical errors (the inner band) and
systematic uncertainties (outer bands)
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Saes ama At lower energy<0.2TeV  : ¢
T 108}
Is there a SSC bump ? >
g 109¢
U T " — [ E
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L What we’ve learnt from the GRB 221009A
* //\A 5

Many things we may learn......

6. |C peak observed ?

» Combined analysis with HXMT and LAT (available only in a very
limited time window)

7. The highest energy photons measured by LHAASO-KM2A
« New physics frontier exploring

s. Fast variability of flux?
« Should be highly unexpected at a scale of 101’ cm!
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e Conclusions

1.  LHAASO operation is very stable since it was built in July 2021
2. LHAASO observed the BOAT GRB221009A in the middle of the FoV

3. First time observed the onset of the afterglow in TeV band by measuring the flux
from the GRB since T, set by a precursor

2. This enables
. Determining the start time of the afterglow T* ~226 s after T,
.. Setting the most strict limit on the prompt emission in TeV band ~ 10
s Indicating the jet magnetized, namely Poyting flux dominant jet
.. Estimating the initial bulk Lorentz factor ', of the ejecta ~ 440, one of the largest
5. First time measuring the fast rising phase
. First time measuring the narrowest jet beaming angle, revealing the core of the jet
- First time measuring the time-sliding SEDs in VHE band, showing moderate evolution

s.  SSC model being tested: generally supported by the most complete measurement of the
afterglow

5. Investigations are still on going, more items could be revealed soon
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