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COLLISIONAL RING GALAXIES —WHY?

s

Chandra 25 Years - Anna Wolter

Violent encounter between a "bullet” galaxy and a target
spiral (e.g. Theys & Spiegel 1979, Athanassoula+ 1997,
Renaud+ 201 8).

Very few (0.02-0.2% of all spirals)
Beautifull

Galaxy evolution studies: peculiar morphology that
allows for an easier separation of the various galactic
components — timing of unique wave of SF

Fresh "unpolluted” gas to make massive stars
Test of alternate dynamics (MOND) predictions

Total area of ring is smaller: less interlopers
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CARTWHEEL GALAXY:
ASTRONOMERS DO FLIPS OVER CARTWHEEL GALAXY

* Jan, 11 2006

e ComPOSITE: NASA/JPL/CALTECH/P.APPLETON ET AL. X-RAY:
NASA/CXC/AWOLTER & G.TRINCHIERI ET AL.

HTTPS://CHANDRA.HARVARD.EDU/PHOTO/2006/CARTWHEEL/
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MULTHWANELENGTH COMPOSITE
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ARP 147: GIANT RING OF BLACK HOLES

 FEBRUARY 9, 2011

o X-rRAY: NASA/CXC/MIT/S.RAPPAPORT ET AL, OPTICAL:
NASA/STScl

HTTPS://CHANDRA.HARVARD.EDU/PHOTO/2011/ARP147/
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NGC 922:
SEARCHING FOR THE BEST BLACK HOLE RECIPE

* DECEMBER 6, 2012

o X-rAY (NASA/CXC/SAO/A.PRESTWICH ET AL); OPTICAL
(NASA/STScl)

. X o | I, HTTPS://CHANDRA.HARVARD.EDU/PHOTO/2012/NGC922/

Chandra 25 Years - Anna Wolter 3 Dec 2024



3 Dec 2024



CARTWHEEL: NASA'S CHANDRA ADDS X-RAY VISION TO WEBB
IMAGES

. °  « OcroBER 4,2022
o CREDIT: X-RAY: NASA/CXC/SAQ; IR (SpiTzErR): NASA/IPL-
Barhe e, CALTECH; IR (WEBB): NASA/ESA/CSA/STScl

HTTP://CHANDRA.HARVARD.EDU/PHOTO/2022/CHANDRAWEBB/

- T TN snMAcs 0728 L T MCarnimaNabila, 3 Dec 2024



THE EPITOME — THE CARTWHEEL GALAXY

* Discovered by Zwicky (1941)

* One of the most prominent objects on
Palomar Plates

* Member of a compact group (SCG 0035-
3357; lovino 2002)
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THE EPITOME — THE CARTWHEEL GALAXY

* Discovered by Zwicky (1941)

* One of the most prominent objects on
Palomar Plates

* Member of a compact group (SCG 0035-
3357; lovino 2002)

* First X-ray observation to look for
extended plasma emission from group

(Wolter, Trinchieri, lovino 1999)
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THE TARGET AND THE BULLET
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Renaud et al MNRAS 473, 585-602 (2018)

HEAD-ON HIGH-SPEED COLLISION ON A TARGET DISC GALAXY.
WHICH IS THE BULLET? HI TRAIL — IS THE HI FROM THE
"BULLET” RESPONSIBLE FOR NEW SF?

TWO SCENARIOS:

e THE GRAVITATIONAL ACCELERATION INDUCED BY THE
COMPANION DRAGS THE MATTER OF THE TARGET TOWARDS THE
CENTRAL IMPACT POINT. THEN THE SHOCK WAVE REBOUNDS,
AND FORMS AN ANNULAR OVERDENSITY THAT TRAVELS

RADIALLY.

e THE SHOCK WAVE BRINGS THE MATERIAL (GAS AND STARS) 10O
THE OUTSKIRTS.
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HIGH SFR OBJECTS — HIGH NUMBER OF ULXS

WORKING DEFINITION OF ULTRA LUMINQOUS X-RAY SOURCES
(FABBIANO 1988)

Ly(o.s-10kev) > 1-2 X 1032 ERG/S, = Lepp (~10 Msun) UNRESOLVED &
NON-NUCLEAR

LINK TO STAR-FORMATION (BAUER+ 2002, RANALLI + 2003, GRIMM+ 2003,
MINEO+2012, GILFANOV+ 2023)

» « — Resolved galaxies

o — CDF-N galaxies
o — CDF-S galaxies

Antennae | _
Chandra /HST/Spitzer . o

Zezas et al; Fabbiano et al.



WHY ULXS ?

* LAST STAGES OF STELLAR EVOLUTION - COLLAPSE
* EVOLUTION AND LIFE-SPAN OF UNUSUAL STRUCTURES
* PROGENITORS OF MERGERS -> GRAVITATIONAL WAVES
* PRIMORDIAL IONIZATION

NEBULAR HEIl EMISSION
e TRACER OF LOW METALLICITY ENVIRONMENT ?

WEAKER STELLAR WINDS OF LOW METALLICITY STARS

Chandra 25 Years - Anna Wolter

3 Dec 2024



WHAT POWERS THE BINARY?
HOW TO “WEIGH” THE COMPACT OBJECT?

High Mass BH

Stellar Mass BH

Neutron Star

Above Eddington®

Above Edd

Above Edd by orders

Stocastic variability

Stocastic variability

Pulsation (surface)

Soft spectrum

Hard spectrum
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Pintore, .Wolter, et al 2017

3 Dec 2024



ULX IN COLLISIONAL RING GALAXIES (RIGS)

XLF OF RINGS IN WOLTER FRUSCIONE MAPELLI 2018

* CARTWHEEL (14+1) WOLTER ET AL. 2006

e ARP 284 (2+7) SMITH, STRUCK, & NowAk (2005)

* ARP 147 (?2+0) RAPPAPORT ET AL. (2010)

* NGC 922 (7+5) PRESTWICH ET AL (2012)
KOUROUMPATZAKIS ET AL (2021)

e AM 0644-741 (7) WFM 2018

« ARP 148 (2) WFM 2018

* ARP 143 (9) WFM 2018
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THE XLF OF RIGS

Swartz+ 2011:
total SFR = 51 Msun/yr

Grimm+ 2003:
30 — 50 Msun/yr

39 40
log Lx(0.5—10 keV)
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WOLTER, FRUSCIONE, MAPELLI 2018

/ RIGS OBSERVED BY CHANDRA (COLORS CORRESPONDS
TO DIFFERENT GALAXIES)

WE CONSIDER THE POPULATION HOMOGENOUS —SINGLE
BURST OF SF — WE SUM ALL THE SOURCES IN THE RINGS

65 SOURCES OF WHICH 50 ARE ULXS; SFRo1 = 33 MSUN

STATISTICALLY CONSISTENT, WITH A TENDENCY TO BE FLATTER
— MORE HIGH LX SRC — AND TWO OUTLIER SOURCES

AGE ~ FEW 100 MYR (RENAUD+17) CONSISTENT WITH
FORMATION TIME OF HMXB

440 MYR CARTWHEEL (HIGDON+1995)

330 MYR NGC 922 (WONG+2006)
80 MYR ARP 147 (ROMANO+2000)
30 MYR ARP 143 (HIGDON+1995)
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ARE WE SEEING THE IMBH POPULATION?

== Pys / Pgy (Middleton & King 2017)
—— E(Nys) / E(Ngy) (this work)

Z=0.02

Z =0.0002

104

tage [Myr]
Wiktorowicz+2017
Chandra 25 Years - Anna Wolter

FROM WIKTOROWICZ+2017 AND WIKTOROWICZ+2020
SEE ALSO SPERA, MAPELLI, BRESSAN 2015

PREDICTION OF # OF ULX BASED ON STARTRACK POP. SYNTHESIS
(BELCZYNSKI+2002,+2003)

CONTINUUM SF -> AFTER 100 MYR NS DOMINATE
BURST SF : BH DOMINATE IN LOW METALLICITY ENVIRONMENTS IN
YOUNG ULX

IT 1S TEMPTING TO CONCLUDE THAT THE DIFFERENCE BETWEEN RIGS
AND “NORMAL” GALAXIES IS DUE TO THE TIMING OF THE POPULATION
AND THE FLATTENING IS DUE TO THE PRESENCE OF BH-ULX.
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METALLICITY — NGC 922 (SOLAR Z?)

KOUROURMPATZAKIS, ZEZAS, WOLTER, FRUSCIONE,
ANASTASOPOULOU, PRESTWICH 2021

ESO NTT SPECTRA: HE | EMISSION -> IONIZATION FROM RECENT
STARS CLUSTERS (PELLERIN+2010)

SFR (MIPS 24 um); MSTAR (WISE1), SSFR; X-RAY
Lx ~ 1/Z IN SUB-GALACTIC REGION: LESS METALS, MORE X-RAYS!

Lx/SFR = F(Z) (BRORBY+2012, FORNASINI+2020,
LEHMER+2023)
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NXMMIL - PN-May05 -

CARTWHEEL WITH XMM-NEWTON : §~

o O 0

e XMM-NEWTON — 8 SOURCES DETECTED ~33:43:000

* VARIABILITY OF POINT SOURCES (ALBEIT CONFUSED) — f
ESPECIALLY N10 (SEE BELOW) 300

e TRANSIENTS (NEW SOURCES) L wo |

42,0 0:37:40.0
T, A PRI WA 0 P 1A O e O 0

e Low S/N DETECTION OF HOT PLASMA AT KT ~ 0.2 KEV
Lx (0.5-2) ~ 10 %% ErRG/S

e  OPTICAL FILTERS -> SED

CRIVELLARI, WOLTER, TRINCHIERI 2009 A&A

log(v) (Hz)
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THE HYPER-LUMINOUS X-RAY SOURCE (HLX): N10

e N10 (WOLTER, TRINCHERI 2004): Lx > 1-2 10 *! ERG/S — ONE OF THE FEW HLX

e HALF LX IN 6 MONTHS IN 2004-5 AFTER 4 TO 10 YRS OF ~STEADY EMISSION (WOLTER, TRINCHIERI, COLP!
2006)
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N10 LIGHT CURVE (ROSAT+XMM+CHANDRA)

(2.0-10.0) x10-14
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Pizzolato, Wolter, Trinchieri 2010



THE HLX: N10 (XMM+CHANDRA)

e N10 (WOLTER, TRINCHERI 2004): Lx > 1-2 10 *! ERG/S — ONE OF THE FEW HLX

e HALF LX IN 6 MONTHS IN 2004-5 AFTER 4 TO 10 YRS OF ~STEADY EMISSION (WOLTER, TRINCHIERI, COLPI
2006); AGAIN WITH CHANDRA IN 2008

* MODELING OF N10 VARIATIONS (Pi1zzoLaTo, WOLTER, TRINCHIERI 2010)
* ACCRETION ON ~100 MsuUN BH (BEFORE THE DETECTION OF GW)

e NO HYPER-ACCRETION (KING+2001) ON STELLAR MASS OBJECT (NO L~KT#)

e PossIBILE ALSO SN TYPE |IN (YOUNG SN INTERACTING WITH ENVIRON)
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VARIABILITY - CHANDRA

“TIMING” IMAGE
: MAY 2001; crien: JAN 2008; Blue: SEp 2008

*  ALSO XMM-NEWTON (ALBEIT CONFUSION)
* 37 SOURCES INCLUDING G1 AND G2
e 1/3 VARIABLE BETWEEN OBSERVATIONS

* 5 SOURCES TRANSIENT (LMAX/LMIN > 10) -> NS?

SALVAGGIO, WOLTER, BELFIORE, CoLPl, 2023 MINRAS

Chandra 25 Years - Anna Wolter

3 Dec 2024



DITRANI, LONGHETTI, FOSSATI, WOLTER 2024 A&A
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POPULATIONS, METALLICITY, SFR

e MUSE DATA - MOSAIC OF 4 OBSERVATIONS WITH IFU
-33°42'20"

* DEFINE DIFFERENT REGIONS — EXTRACT SPECTRA (4 REGIONS)
e + JWST, VST... PHOTOMETRY

®* FULL-INDEX FITTING OF THE STELLAR SPECTRA, ANALYSIS OF THE
NEBULAR EMISSION, JOINT FULL SPECTRAL AND PHOTOMETRY FITTING

STELLAR AGES, GAS AND STELLAR METALLICITIES, AND STAR
FORMATION HISTORIES (SFHs)
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DITRANI, LONGHETTI, FOSSATI, WOLTER 2024 A&A

0h37m425 40°
R.A. (J2000)
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ASSUMING METALLICITY, DERIVE AGE/SFH

NUCLEUS EXTERNAL RING

1.)=9.51  log(SFR) = -0.934 9.6: g(SFR) = 0.800

0.0005
0.0000
1
= —0.0005

5000 5500 6500 7000 5500 6 6500 7000

L0 10000 8000 6000 4000 2000 3000 4000 5000 10000 8000 6000 4000 2000 0 200 300 400 500
Observed Wavelength [ Lookback Time [Myr] JumpAge. Old [Myr] Observed Wavelength [jum] Lookback Time [Myr] JumpAge. Young [Myz]

MULTINEST fit: Monte-Carlo Spectro-Photometric Fitter adapted from Fossati+ 2018
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FROM STAR POPULATIONS TO ULXS

Chandra contours;

All epochs

e THE “OLD” CARTWHEEL RETAINS CHARACTERISTICS OF
SPIRALS

e A “YOUNG” POPULATION CONTRIBUTE A SMALL
FRACTION OF THE MASS IN ALL REGIONS OUTSIDE THE
NUCLEAR ZONE.

e THE OUTER RING IS VERY YOUNG <~ 400 MYR (CAVEAT
FOR OLD STARS NOT EASY TO BE DETECTED)

)
o
&
2
]
(a]

e SHOCK WAVE DRAGS NEW STARS OUT

e EXPECT MOST ULXS POWERED BY BH; SOME MIGHT BE
NS (PB: CAPTURE OF COMPANION?) WOLTER ET AL IN
P R E P_ 0h37m42 40s

R.A. (J2000)
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FUTURE (NEAR)

e CONSTRUCT A COMPARISON COMPLETE SAMPLE . e
(WOLTER, FRUSCIONE, ... IN PREP)

* 14 GALAXIES FROM ARP&MADORE, 7z<0.02
A NUMBER OF OBSERVATIONS IN DIFFERENT BANDS

(X-RAYS; HALPHA ETC) ~ 3
:'-. g
e LESS POWERFUL THAN “BRIGHT&FAMOUS” O
e LOWER MASS? -

e SHORTER/LONGER TIME SCALE FROM IMPACT?

e DIFFERENT METALLICITIES?

Chandra 25 Years - Anna Wolter 3 Dec 2024
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+ OPTICAL DATA FROM GOODMAN SPECTROGRAPH
ON SOAR TELESCOPE

20 arcsec
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FUTURE (FAR)

Il Zw 28

* A NORTHERN SAMPLE OF RIGS o

e CITIZEN Z0O RING SAMPLE?

Auriga’s Wheel
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CONCLUSIONS

* RIGS ARE CROWDED — NEED EAGLE EYE TO RESOLVE SOURCES
* RIGS HAVE YOUNG STAR POPULATION EASY TO DISENTANGLE — MULTILAMBDA STUDIES
* VARIABILITY -> TO STUDY EMISSION MECHANISM IN BINARIES & THEIR NATURE

* PopULATION OF RINGS Is YOUNG (AT LEAST CARTWHEEL — APPLYING SAME ANALYSIS TO OTHERS) ->
POSSIBLY BH-POWERED ULXSs

* CONCLUDE THE COMPLETE SAMPLE

... AND DO ALL THIS, AND DO IT RIGHT ...
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Webb Captures
Stellar Gymnastics
in The Cariwheel
Galaxy

NASA 2 Aug22 . -,
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https://www.nasa.gov/feature/goddard /2022/Webb:cqpfures—s’r'ellor—gym nastics-in-the-cartwheel-galaxy



Thank you
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