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Chandra Detects Sgr A*’s First X-ray Flares!
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25 Years Later... Chandra Sgr A X-ray Flare Catalog

Systematically reanalyze 6.8 Ms of Chandra Sgr A* observations over 25 years
- Detect and characterize 100 Chandra X-ray flares

- 18 previously-undetected flares are reported (e.g., from recent Chandra + EHT & JWST MWL campaigns)

- Full machine-readable table will be publicly available
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Flare classifications e i ¥
@ Unflagged Flares ’/'
@ 0"
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* Summary statistics for flare population k s
’,_3 : ................................. POl .,J... .................
I o Median Min  Max b ’ o &~ ¢ = A
§ ] A A s % 2 0 0
Duration (s) 3035 2603 2224 367 14011 = e X '-ﬁ%o-s ,,,,,,,, =
Max Rate (ct s—') 0.2 022  0.05 002 1.88 - 5 e% e c}gf" A0
Mean Rate (¢t s~ ')  0.06 0.08 0.03 0.01 0.69 1 % ¥ ® Q%
Fluence (ct) 184 425 70 16 3814 14 . $37
HR 1.57 046  1.56  0.73  3.02 1L.¥ ‘PQ
10 -
* Flares classified by strength (fluence) and ] === Unflagged Flares PL (") ¥
morphology ~ /o
10° o Strong Flares R
NT NS NIJ NS.S—' f_,: il ................................. &2 " ........ .................
4 B ,/’. I\
Weak 62 50 12 0 £ | Moderate Flares ® ¥
Moderate 30 7 23 0 E.":' 5 |
Strong 8 0 0 8 o :
Total Single Double Sub-structure ]
* Some flares are “flagged” based on visual "

inspection (cut off, suspect duration, etc.)

Duration (s)



Joint spectral fits according to flare brightness

Flares Fitting Criteria Mflares Cpileup ny Iy )(E}FDDF
Fluence > 100ct 37 0.5 16.3 2.2575 00 1007 /709
Fluence > 100ct a7 0.5 15.0% 05 2.09"0 1% 1002/707
Fluence > 450ct 8 0.5 16.3 2.0710-08 528/409
450ct > Fluence > 200ct 9 0.5 16.3 2.33101% 143/139
200ct > Fluence > 100ct 20 0.5 16.3 2.7410-1% 261154
 Compare spectral properties for flares
2.8 —
“stacked” (jointly fit) based on fluence
* Flaring power law indices of joint spectral fits < 2°
show an evolution from I, ~ 3 to 2 as flares g
become more luminous :
* Luminosity is the average of the flares used in  %?7
the spectral modeling (uncertainties in average »
luminosity too small to be seen) — T "
4 = 10 6= 10 |U3l

Average Luminosity of Fit Flares (erg/s)
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Flare distributions
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X-ray flares show complex morphologies

e Distribution of separation times btwn two most
significant peaks in double and high substructure flares

* Peaks are often separated by ~1-2 ks

* Flare timing can constrain orbiting hotspot and other
models (lensing, e  cooling, flux tubes, guide fields)
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Simultaneous MWL obs: submm to X-ray w/ EHT

[EHT et al. Sgr A* “Paper I1” 2022]
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Simultaneous MWL obs: ‘r' WEBB
submm to X-ray w/ JWST‘."
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Beautiful MIR flares, but no X-ray flare observed; the SMA detected
variable emission delayed by 10 minutes after the last mid-IR peak.



Posters featuring Chandra & JWST/MIRI!

GC Gas at Sub-Parsec Scales:
Studying Gas lonization and
Kinematics with JWST

Poster S21:
N. Ford

See also:

lonization Structure and
Metal Enrichment of the GC
Minispiral w/ JWST

@) H i n
arXiv:2605.13995

Characterizing Sgr A* and the
Galactic Center with Generative
Machine Learning

Poster S26:
Z. Sumners

The Demographics of
Sagittarius A* X-ray Flares
over 25 Years with
Chandra

arXiv:2605.13962

The First Isolated Maps of
Supernova Remnant Sgr A
East

Poster S20:
M. Balakrishnan

Infrared Line Diagnostics Fail
to Constrain Sgr A*’s UV
Output

8] hitlw i,
arXiv:2605.13990
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Summary

Systematically reanalyze 6.8 Ms of Chandra Sgr A* observations
over 25 years = Detect 100 flares w/ 18 new flares reported

Conduct a population level analysis of flare properties that reveals: concv o

e Result 1: The spectral index of flares transitions from I'; ~3 to ~2 as flares brighten

® Result 2: Hardness ratios roughly normally distributed; stronger flares systematically
harder (larger ratio of high-to-low energy photons)

e Result 3: Flare morphology more complex with increasing strength; two double-
peaked morphologies consistently observed across the 25-year dataset

® Result 4: Correlations in duration-maximum count rate, duration-fluence, and
fluence-maximum count rate that were previously reported by Neilsen+2013 are
reinforced with improved statistics

Provide population-level constraints for models of Sgr A*’s X-ray flares






Characteristics of “flagged” flares

Distributions of maximum count rate and duration.

Frequency

Hashed sections represent flagged flares.

Top: The distribution of maximum count rates shows
that bright flares are significantly less common than
weak ones.

Bottom: Unflagged flares appear to be 100sto 1000s
of seconds long, and strong flares have longer
durations.

Frequency

Most flagged flares are long in duration, likely
because Bayesian Blocks overestimates the duration
when it is less clear where the change points are.
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Simulated pile-up corrections

Pileup corrections for two
example observations from
2002 and 2023.

Use MARX simulations to
calculate a true flux (pileup
corrected) for every observed
flux.

Burn-out can be visually
identified the right plot and in
images as well.

E. Bouffard et al. (2019) and G.

Ponti et al. (2015) do not use
Chandra mission lifetime
dependent corrections, and
therefore do not always agree
with our pileup corrections.
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ACIS-S instrument with no grating and a 0.4
s/frame exposure time, 24 years into
Chandra’s lifetime. Pileup is minor; our
correction (solid pink) agrees with
Bouffard+2019, Nowak+2012, Ponti+2015.

Bouffard (2019) Correction (from Nowak 2012)
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ACIS-I instrument, no grating, 3.1 s/frame
exposure time. It exhibits burn-out
turnover, where large true fluxes appear as
low observed fluxes because the detector
incorrectly discards piled photons



New bright flare spectral fits

Table 4. Spectral parameters of strong flares with SNR that can independently constrain the power law model
outlined in Section 4.1.

Flare Flux Properties Flare Spectral Properties Magnetar
Flare 1D Fluence Fﬂ--ﬂ,hh:ﬁ Fﬂ- & unabs Fﬂ- 10, unaba a].llj]t'!l:lp I‘f HR kT xﬂ.l'lllDﬂF
(ets) (% 107" erg em™% 57 1) (keV)
+0.92 +2.67 +2.92 +0.15 +0.14 +0.06 +0.01
15043 3814 23457, 68.82750, T75.1873 % 0677, 1. 2147000 L1687 08 0.787, 0, 146/149
20751 1381 ?,43t§-§§ 21.?5%-_2;; 24.95%%& 0.5 2.1(:*;5-_%:{ 1.52t§'_§§ 61/68
+0. +2. +2. +0. +0.
14392 935 783705, 2389750 26.9975 (4 0.5 2257037 1847010 - 21/27
1561 924 2,7()_{5'_%:2 7.96’[}{}36 9.13%3933 0.5 E‘UQJ:E% I.SEEEE o 46 /44
. +0. . +0. . +0.
16218 904 4.467 20 13.707 0% 15.507 00 0.5 2,237 50 1477000 0.777, s  B55/4T
11843 559 15817597 574705 7.95710% 0.7075 5. 18770795 2187050 - 16/24
4+0.16 +0.52 +0.57 =+0.88 +0.11
22595 465 2117 6.887 T.6270 0 0.5 2,457 " 1.237 .0 - 3/5
13851 460 3.867072  11.35705% 12,9871 0% 0.5 2.12%0-2%  1.8375 12 - 11/12

NoTe—Each strong flare spectrum is fit with the model: pileup x tbabs x fgecdust x (powerlaw;y + powerlaw, + bbody), as
described in Section 4. The flare in observation 14392 uses a grating, and we only fit the zeroth order photons (though its
fluence includes both the first and zeroth orders). The grating and non grating observations have different flux calibrations, so
lower fluence flares (observation 13851) may have higher fluxes than non gratings flares (e.g. observation 22595).



Bright X-ray FIare Spectroscopy

. [~}
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g Supports £ @
S synchrotron S °;’
y jﬂ interpretation F h 2
o (Ponti+2017): i 1 =
[] rIR - 1 5 1 7 SxJU‘ SXI‘U' 3.23(']0‘ 3.4)(‘10‘ 3.6x10¢ 20%10" 24x10
Tlme (s =2.0-2.8 Time (s) Time (s)
Flare NH L. . X Energy (2-10keV)
[10% Volume containing this magnetic energy: [erg]
— — 2 3\ —
1 =) Eg=ugV=(B%/8 m)(4/3 = R3) =
~ -2/3 39 1/3
Nowaki1z | 1a3. R~ 2(B/30 G)*> (E, /3 x 10°° erg/s)*> Rs
FZ 1.63_( ~ 3 = 5 RSN 6 = 10 Rg
Ponti+17 1.64C GRAVITY polarization periods
Porquet+03 | 1.61. 2> R~6-10 Mg
(Nowak+12)
Porquet+08 |[1.63,63° [2.4,504 14.8,5°2x 1012 [2.9 1.4+0.1x 108 |[3.5x 10%®
(Nowak+12)




Sgr A*’s Historic

Q = EHT+MWL

]

-

10

10

36

SgrA*2017 510

campaign
(black
symbols)

vL, [e

10

10

10

33

32

31

(& Variable) SED

™

T

T

=

T

By

-

Pt

besBrsboernrosesranre00

during EHT 2017 mun

during EHT 2017 ran (X-ray flare)
Backer et al. 1982

Wright et al. 1987

Zylka et al. 1988
Yusef.-Zadeh 1990

Zylka et al. 1992

Zyika 1995

Telesoo et al. 1996
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Falcke et al. 1998

Cocera et al. 1999

Baganofl 2003

Yian et al. 2003

Zhao et al, 2003

Hermstein ot al. 2004

An et al. 2005

Marrone et al. 2006
Dodds-Eden 2009
Dodds-Eden 2011

Schoedel et al, 2011

Nowak et al. 2012

Bower et al. 2015
Brinkerink et al. 2015

Liu et al 2016

Stone et al, 2016

Zhang et al, 2017 (flare)
Witzel et al. 2018

von Fellenberg et al. 2018 (upper)
von Fellenberg et al. 2018 (variable)
Bower ¢t al, 2019

Haggard et al, 2019 (flare)
GRAVITY Collaboration 2020
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Sgr A*’s Historic (& Variable) SED
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See also recent GR flare modeling by von Fellenberg et al. 2023 that favors low inclination.
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Sgr A* EHT+JWST+MWL Campaigns
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2017 Sgr A* MWL Lightcurves

[EHT et al. Sgr A* “Paper 11” 2022]
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ALMA, SMA, Swift, Chandra, and NuSTAR light curves have
substantial overlap on 2017 Apr 6, 7, and 11 and are combined
to show MWL variabilty, including around X-ray flare(s)




X-ray or Radio Brightness

2017 Sgr A* MWL Lightcurves

[EHT et al. Sgr A* “Paper I1” 2022]
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ALMA, SMA, Swift, Chandra, and NuSTAR light curves have
substantial overlap on 2017 Apr 6, 7, and 11 and show
MWL variability, including around X-ray flare(s)

Joint Chandra and NuSTAR spectral fits during the Apr 11
(tentative Apr 7) X-ray flares offer joint constraints and high energy fluxes

2017 Sgr A* MWL Lightcurves Volume containing ~ 1039 erg/s energy
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2017 Sgr A* X-ray Flare + Polarized Hot Spots
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