A long time ago in a galaxy far, far away ...



A long time ago (~3 years) in a galaxy far, far away ( ~2.4 x 109 light years) ...
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Fermi LAT detected 99.4 GeV photon

(record from GRB) at T, + 240 s
[Axelsson et al., 2025, arXiv:2409.04580]
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Why exciting for axion enthusiasts?

GCN Circular 32677

Subject LHAASO observed GRB 221009A with more than 5000 VHE photons up to around 18 TeV
Event GRB 221009A

Date 2022-10-11T09:21:547

From Judith Racusin at GSFC <judith.racusin@nasa.gov>

Yong Huang, Shicong Hu, Songzhan Chen, Min Zha, Cheng Liu, Zhiguo Yao and
Zhen Cao report on behalf of the LHAASO experiment

We report the observation of GRB 221009A, which was detected by Swift (Kennea
et al. GCN #32635), Fermi-GBM (Veres et al. GCN #32636, Lesage et al. GCN #32642),
Fermi—-LAT (Bissaldi et al. GCN #32637), IPN (Svinkin et al. GCN #32641) and so on.

GRB 221009A is detected by LHAASO-WCDA at energy above 500 GeV, centered at

RA = 288.3, Dec = 19.7 within 2000 seconds after T@, with the significance above

100 s.d., and is observed as well by LHAASO-KM2A with the significance about 10 s.d.,
where the energy of the highest photon reaches 18 TeV.

This represents the first detection of photons above 10 TeV from GRBs.

The LHAASO is a multi-purpose experiment for gamma-ray astronomy (in the energy
band between 10711 and 10715 eV) and cosmic ray measurements.
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Sci. Adv., 9, 46

[LHAASO Collaboration 2023, Science, 380, 6652;
023,
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« Reconstruction depends on assumed source spectrum

. Maximum photon energies: whereas

« EPL spectrum provides better fit for combined data set

10

[LHAASO Collaboration, Sci. Adv. 2023]
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The effect of ALPs

ALP production in B field of host galaxy
(Inside GRB, photon-ALP conversion negligible,

see, e.d., Baktash, Horns, MM (2022), G alantl et al. (20231)
B.

"Photon-ALP conversion probability modeled with gammaALPs
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The effect of ALPs

ALP production in B field of host galaxy
(Inside GRB, photon-ALP conversion negligible,

see, e.d., Baktash, Horns, MM (2022), G alantl et al. (2023))
B.

Reconversion in B field of M|Iky Way.
(Assumed models: Jansson & Farrar; 2012; Ung_er & Farrar, 2024)
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What do we know about the host galaxy of GRB221009A?

:  JWST MIRI F560W (Oct 22) T FOOSM/F125W ' (Dec 4TI
. Observed Wlth JWST and HST S5 OOW (Oct HST FOOSM/FI125W/F160W (Dec 4
» Appears to be disc galaxy

» Observed edge-on
. Half-light radius R, = (2.45 * 0.20)kpc
« GRB (projected) offset from center by 0.65 kpc

. Mass log(M/M_) = 9-OOJ:8:42£

13 Levan et al. (2023), 2302.07761



https://arxiv.org/pdf/2302.07761.pdf

Modeling the B field of the host galaxy

[e.g. LHAASO Collaboration [e.g. Carenza & Marsh (2022),
2023, Sci. Adv., 9, 46] [Galanti et al. (2023)] Troitsky (2024)]
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Modeling the B field of the host galaxy

Work in progress

[e.g. LHAASO Collaboration [e.g. Carenza & Marsh (2022),
2023, Sci. Adv., 9, 46] [Galanti et al. (2023)] Troitsky (2024)]
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» Almost all model combinations result in no preference
for ALPs, pica < 20 for LP and EPL reconstructed data
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Results - General trends

EBL: finke2022, spiral, UF23base
No ALP

w/ ALP g,,= 1.0, m, = 100.0

 Almost all model combinations result in no preference §& # LiarsoLP
for ALPs, pica < 20 for LP and EPL reconstructed data

» Most models yield very similar constraints

- UF23 model results in slightly higher preferences for Energy (TeV)

A L P S 5 EBL: finke2022, spiral, UF23base

- EBL with stronger absorption results in slightly higher
preferences for ALPs

« For EPL (LP) data, significance with
piocal ~ 20 (30) found for turbulent models, Saldana-

Lopez (Franceschini) EBL model
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LP data: Model combination with highest
preference for ALPs

Plocal = 3.01c0

EBL: franceschini2017, starburst-turb, jansson12
No ALP
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Constraints from GRB221009A in perspective

(Model combinations with piocai < 20)

/

e

spiral, finke2022, jansson12
spiral, finke2022, UF23base
starburst-turb, finke2022, UF23base
—12 starburst-turb, franceschini2017, UF23base
10 E spiral-turb, finke2022, UF23base

AN A0 9 % e 0
\0 \0 \0 \0 \0 10

mg |eV]

10.5281/zen0d0.3932430 19



https://doi.org/10.5281/zenodo.3932430

Constraints from GRB221009A in perspective

(Model combinations with piocai < 20)

/

AN fiz,,

spiral, finke2022, jansson12
spiral, finke2022, UF23base
starburst-turb, finke2022, UF23base
—12 starburst-turb, franceschini2017, UF23base
10 E spiral-turb, finke2022, UF23base

AN A0 9 % e 0
\0 \0 \0 \0 \0 10

mg |eV]

10.5281/zen0d0.3932430 19



https://doi.org/10.5281/zenodo.3932430

More surprises...?

- Potential detection of photon
with 300 TeV in spatial and

temporal coincidence with
GRB

» Detection with Carpet Air
shower array

. |f indeed photon from GRB,
photon-ALP conversion would
not suffice as explanation

« Lorentz invariance violation?

arXiv:2502.03453 arXiv:2508.09948
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Conclusions

GRB221009A was an exceptional event
Allows to probe photon propagation at high optical depth

Observations can be reconciled with EBL models with lower photon
density

Photon-ALP oscillations generally not necessary to explain observations
All tested model combinations yield at most a picai ~ 30 preference for
ALPs, however, not corrected for trials

Limits on photon-ALP coupling g,, 2 2 X 1071 GeV~! (95% confidence)
form, $<2x107"eV

Al
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EBL Measurements

Photon energy (eV)
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HST (Gardner et al. 2000)
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GAMA-DEVILS-HST (Koushan+ 21)
FOCA (Milliard+ "92)

JWST/NIRCam (Windhorst+ 22)
GALEX (Xu+ '05)

~
P
w2
~
(|

&
~
Z

| —
=
p—
~

10*
Wavelength (um)

[e.g., Hauser & Dwek 2001, Dwek & Krennrich 2013] 26



https://ui.adsabs.harvard.edu/abs/2001ARA&A..39..249H/abstract
https://ui.adsabs.harvard.edu/abs/2013APh....43..112D/abstract

EBL Measurements

Photon energy (eV)

101 10~2
> Voyager I/IT1 (Murthy et al. 1999) () Voyager/UVS (Edelstein+ ‘00)
- BOSA template DUVE (Korpela et al. 1998) COBE/DIRBE-2MASS (Levenson '07)
- NH/LORRI (Postman+ ‘24)

Swift BAT (Ajello et al. 2008)
RXTE (Revnivtsev et al. 2003)
Chandra (Cappelluti et al. 2017)

EUVE (Jelinsky et al. 1995)

EUVE (Lieu et al. 1993)

Dark Cloud (Mattila et al. 2012)
Apollo Soyuz (Stern & Bowyer 1979)
COBE/DIRBE (Finkbeiner+ "00)
CIBER (Matsuura+ ‘17) Spitzer (Ashby et al. 2013)
COBE/DIRBE (Sano+ ‘15) HST (Madau et al. 2000)
AKARVIRC (Tsumura+ °13) HST/Subaru (Totani et al. 2001)
COBE/DIRBE (Sano+ “16)

GALEX (Murthy et al. 2010)

IRTS (Matsumoto+ “15)

HST/FOS (Kawara+ “17)

HST/WFPC2 (Bernstein '07)
COBE/DIRBE (Arendt & Dwek "03)
UVX (Murthy+ "90)

UVX (Murthy+ "89)

Pioneer/IPP (Matsuoka+ '17)

UVX (Martin+ '91)

HST/STIS (Brown+ '00)
COBE/DIRBE-WHAM (Odegard+ "07)
AKARI (Matsuura+ ‘11)

Spitzer (Fazio et al. 2004)

Compilation (Keenan et al. 2010)
HST (Gardner et al. 2000)
ISO/ISOCAM (Altieri+ "99)
Herschel/SPIRE (Bethermin+ “12)
[SO/ISOCAM (Clements+ ‘99)
GAMA-COSMOS/G10-HST (Driver+'16)
ALMA (Fujimoto+ *16)

AKARI/IRC (Hopwood+ “10)
SCUBA-2 (Hsu+ ‘16)
GAMA-DEVILS-HST (Koushan+ 21)
FOCA (Milliard+ "92)

JWST/NIRCam (Windhorst+ 22)
GALEX (Xu+ '05)

~
P
w2
~
(|

&
~
Z

| —
=
p—
~

10*
Wavelength (um)

[e.g., Hauser & Dwek 2001, Dwek & Krennrich 2013] 26



https://ui.adsabs.harvard.edu/abs/2001ARA&A..39..249H/abstract
https://ui.adsabs.harvard.edu/abs/2013APh....43..112D/abstract

EBL Measurements

Photon energy (eV)

—1 -2
10 10
> Voyager I/IT1 (Murthy et al. 1999) ) Voyager/UVS (Edelstein+ ‘00)
- BOSA template DUVE (Korpela et al. 1998) COBE/DIRBE-2MASS (Levenson '07)
NH/LORRI (Postman+ ‘24)

Swift BAT (Ajello et al. 2008)
RXTE (Revnivtsev et al. 2003)
Chandra (Cappelluti et al. 2017)

EUVE (Jelinsky et al. 1995)

EUVE (Lieu et al. 1993)

Dark Cloud (Mattila et al. 2012)
Apollo Soyuz (Stern & Bowyer 1979)
COBE/DIRBE (Finkbeiner+ "00)
CIBER (Matsuura+ ‘17) Spitzer (Ashby et al. 2013)
COBE/DIRBE (Sano+ ‘15) HST (Madau et al. 2000)
AKARVIRC (Tsumura+ °13) HST/Subaru (Totani et al. 2001)
COBE/DIRBE (Sano+ “16)

GALEX (Murthy et al. 2010)

IRTS (Matsumoto+ “15)

HST/FOS (Kawara+ “17)

HST/WFPC2 (Bernstein '07)
COBE/DIRBE (Arendt & Dwek "03)
UVX (Murthy+ "90)

UVX (Murthy+ "89)

Pioneer/IPP (Matsuoka+ '17)

UVX (Martin+ '91)

HST/STIS (Brown+ '00)
COBE/DIRBE-WHAM (Odegard+ "07)
AKARI (Matsuura+ ‘11)

Spitzer (Fazio et al. 2004)

Compilation (Keenan et al. 2010)
HST (Gardner et al. 2000)
ISO/ISOCAM (Altieri+ "99)
Herschel/SPIRE (Bethermin+ “12)
[SO/ISOCAM (Clements+ ‘99)
GAMA-COSMOS/G10-HST (Driver+'16)
ALMA (Fujimoto+ *16)

AKARI/IRC (Hopwood+ “10)
SCUBA-2 (Hsu+ ‘16)
GAMA-DEVILS-HST (Koushan+ 21)
FOCA (Milliard+ '92)

JWST/NIRCam (Windhorst+ 22)
GALEX (Xu+ '05)

~
P
w2
~

(|

&
~
Z

p—

=
p—
~

Wavelength (um)

[e.g., Hauser & Dwek 2001, Dwek & Krennrich 2013] 26



https://ui.adsabs.harvard.edu/abs/2001ARA&A..39..249H/abstract
https://ui.adsabs.harvard.edu/abs/2013APh....43..112D/abstract

EBL Measurements

Photon energy (eV)

10~} 10~*
> Voyager /Il (Murthy et al. 1999) () Voyager/UVS (Edelstein+ “00)
- BOSA template DUVE (Korpela et al. 1998) COBE/DIRBE-2MASS (Levenson '07)
NH/LORRI (Postman+ ‘24)
Swift BAT (Ajello et al. 2008)
RXTE (Revnivtsev et al. 2003)
Chandra (Cappelluti et al. 2017)

EUVE (Jelinsky et al. 1995)

EUVE (Lieu et al. 1993)

Dark Cloud (Mattila et al. 2012)
Apollo Soyuz (Stern & Bowyer 1979)
COBE/DIRBE (Finkbeiner+ "00)
CIBER (Matsuura+ ‘17) Spitzer (Ashby et al. 2013)
COBE/DIRBE (Sano+ ‘15) HST (Madau et al. 2000)
AKARVIRC (Tsumura+ "13) HST/Subaru (Totani et al. 2001)
COBE/DIRBE (Sano+ “16)

GALEX (Murthy et al. 2010)

IRTS (Matsumoto+ ‘15)

HST/FOS (Kawara+ “17)

HST/WFPC2 (Bernstein '07)
COBE/DIRBE (Arendt & Dwek "03)
UVX (Murthy+ "90)

UVX (Murthy+ "89)

Pioneer/IPP (Matsuoka+ '17)

UVX (Martin+ "91)

HST/STIS (Brown+ '00)
COBE/DIRBE-WHAM (Odegard+ "07)
AKARI (Matsuura+ ‘11)

Spitzer (Fazio et al. 2004)

Compilation (Keenan et al. 2010)

HST (Gardner et al. 2000)
ISO/ISOCAM (Altieri+ "99)
Herschel/SPIRE (Bethermin+ “12)
[SO/ISOCAM (Clements+ "99)
GAMA-COSMOS/G10-HST (Driver+ '16)
ALMA (Fujimoto+ "16)

AKARI/IRC (Hopwood+ “10)
SCUBA-2 (Hsu+ "16)
GAMA-DEVILS-HST (Koushan+ 21)
FOCA (Milliard+ "92)

JWST/NIRCam (Windhorst+ 22)
GALEX (Xu+ '05)

N
Yot
s

~~

(
&
~~

z

| —

—
~

10° 101
Wavelength (um)

[e.g., Hauser & Dwek 2001, Dwek & Krennrich 2013] 26



https://ui.adsabs.harvard.edu/abs/2001ARA&A..39..249H/abstract
https://ui.adsabs.harvard.edu/abs/2013APh....43..112D/abstract

EBL Measurements

Photon energy (eV) ZOla Ca | | |ht
10_1 10_2 :5    fw7ﬂfh  f    éf    _ ﬁQ 

- BOSA template

ol stein+ ‘00)
; ’, SS (Levenson '07)

R 24)

B .. 2005)
- 2. 2003)

S . .l 2017)

B 200-)

B 2015)

B . 1. 2001)

S B ot a0 2010)
B >00)

BRRri -+ “09)

B thermin+ “12)

101

N
—
A

~

o
=
~

Z

N

N
~
~

10 10!
Wavelength (um)

[e.g., Hauser & Dwek 2001, Dwek & Krennrich 2013] 27


https://ui.adsabs.harvard.edu/abs/2001ARA&A..39..249H/abstract
https://ui.adsabs.harvard.edu/abs/2013APh....43..112D/abstract

Optical Depth
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Data GMF EBL Host Plocal
EPL Jansson12 Saldana-Lopez Constant 1.260
EPL UF23, base Saldana-Lopez Constant 1.790
EPL Jansson12 Finke Constant 0.97c
EPL UF23, base Finke Constant 1.330
EPL Jansson12 Franceschini Constant 1170
EPL UF23, base Franceschini Constant 1.680
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Data GMF EBL Host Plocal
EPL Jansson12 Saldana-Lopez | Turbulent, spiral 2.01o0
EPL UF23, base Saldana-Lopez | Turbulent, spiral 2.230
EPL Jansson12 Finke Turbulent, spiral 1.360
EPL UF23, base Finke Turbulent, spiral 0.830
EPL Jansson12 Franceschini Turbulent, spiral 1190
EPL UF23, base Franceschini Turbulent, spiral 1.220
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Data GMF EBL Host Plocal

EPL Jansson12 Saldana-Lopez Turbulent, 1.840
starburst

EPL UF23, base Saldana-Lopez Turbulent, 2.020
starburst

EPL Jansson12 Finke Turbulent, 0.86c
starburst

EPL UF23, base Finke Turbulent, 0.860
starburst

EPL Jansson12 Franceschini Turbulent, 1.200
starburst

EPL UF23, base Franceschini Turbulent, 1150

starburst
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Data GMF EBL Host Plocal
LP Jansson12 Saldana-Lopez Constant 1.460
LP UF23, base Saldana-Lopez Constant 1740
LP Jansson12 Finke Constant 170
LP UF23, base Finke Constant 1.900
LP Jansson12 Franceschini Constant 2.750
LP UF23, base Franceschini Constant 2.850
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Data GMF EBL Host Plocal
LP Jansson12 Saldana-Lopez | Turbulent, spiral 1.540
LP UF23, base Saldana-Lopez | Turbulent, spiral 1.620
LP Jansson12 Finke Turbulent, spiral 1.680
LP UF23, base Finke Turbulent, spiral 1.700
LP Jansson12 Franceschini Turbulent, spiral 2.88c
LP UF23, base Franceschini Turbulent, spiral 2.920
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Data GMF EBL Host Plocal

LP Jansson12 Saldana-Lopez Turbulent, 1.590
starburst

LP UF23, base Saldana-Lopez Turbulent, 1740
starburst

LP Jansson12 Finke Turbulent, 1.82¢
starburst

LP UF23, base Finke Turbulent, 1.89¢
starburst

LP Jansson12 Franceschini Turbulent, 3.010
starburst

LP UF23, base Franceschini Turbulent, 2.89¢
starburst
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