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COLLISIONAL RING GALAXIES  – WHY?

Violent encounter between a ”bullet” galaxy and a target 

spiral (e.g. Theys & Spiegel 1979, Athanassoula+ 1997, 

Renaud+ 2018). 

• Very few (0.02-0.2% of all spirals)

• Beautiful! 

• 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

• COMPOSITE: NASA/JPL/CALTECH/P.APPLETON ET AL. X-RAY: 
NASA/CXC/A.WOLTER & G.TRINCHIERI ET AL.

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

• FEBRUARY 9, 2011

• X-RAY: NASA/CXC/MIT/S.RAPPAPORT ET AL, OPTICAL: 
NASA/STSCI

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

• DECEMBER 6, 2012

• X-RAY (NASA/CXC/SAO/A.PRESTWICH ET AL); OPTICAL

(NASA/STSCI)

HTTPS://CHANDRA.HARVARD.EDU/PHOTO/2012/NGC922/
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AM 0644-741: COSMIC COLLISION FORGES GALACTIC ONE RING 
– IN X-RAYS

• SEPTEMBER 6, 2018

• X-RAY: NASA/CXC/INAF/A. WOLTER ET AL; OPTICAL: 
NASA/STSCI

HTTP://CHANDRA.HARVARD.EDU/PHOTO/2018/RING/
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CARTWHEEL: NASA'S CHANDRA ADDS X-RAY VISION TO WEBB 
IMAGES

• OCTOBER 4, 2022

• CREDIT: X-RAY: NASA/CXC/SAO; IR (SPITZER): NASA/JPL-
CALTECH; IR (WEBB): NASA/ESA/CSA/STSCI

HTTP://CHANDRA.HARVARD.EDU/PHOTO/2022/CHANDRAWEBB/
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THE EPITOME – THE CARTWHEEL GALAXY

3 Dec 2024Chandra 25 Years - Anna Wolter

• Discovered by Zwicky (1941)

• One of the most prominent objects on 

Palomar Plates

• Member of a compact group (SCG 0035-

3357; Iovino 2002)



THE EPITOME – THE CARTWHEEL GALAXY
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• Discovered by Zwicky (1941)

• One of the most prominent objects on 

Palomar Plates

• Member of a compact group (SCG 0035-

3357; Iovino 2002)

• First X-ray observation to look for 

extended plasma emission from group 

(Wolter, Trinchieri, Iovino 1999)

2 AnnaWolter, GinevraTrinchieri and Angela Iovino: High energy phenomena in the Cartwheel ’s ring

is confined in fact in the S-SW port ion of the ring, where

massive and luminous HI I regions characterized by large

Hα luminosit ies and equivalent widths are found (Higdon

1995). Both dynamical considerat ions and stellar evolu-

t ion models suggest an age of 2-4 × 108 yr for the star

burst . The est imated supernova rate, as high as 1 SN/ yr

(i.e. almost two ordersof magnitudehigher than in normal

galaxies), coupled with the evidence of very low metallic-

ity, measured in O, N and Ne, also supports the view that

star format ion in the ring isa recent phenomenon and that

gas current ly forming stars was nearly primordial at the

t ime of the impact (Fosbury & Hawarden 1977; Higdon

1995; Marcum et al 1992).

3. T he X -ray pict ur e

We have detected and imaged the Cartwheel for the first

t ime in the X-ray band, using the HRI on board ROSAT

(Trümper 1983). The observat ion (ROR= 600748) was

carried out in December 1994, for a total ont ime of 60225

sec. Prior to our observat ion, only a very uncertain upper

limit , derived from a short E instein IPC exposure, was

available (Ghigo et al. 1983).

The data have been analyzed with the xray package in

I RAF. Wefirst smoothed the imagewith different Gaussian

widths to enhance the significance of the features in the

image and inspected the results to check the accuracy of

the absolute posit ions in the sky, namely the locat ion of

the X-ray emission with respect to the target galaxy.

F ig. 1. The large field shown here indicates the coinci-

dence of several opt ical counterparts with X-ray sources

in the field of the Cartwheel. The HRI data are smoothed

with a Gaussian with σ = 10′ ′ .

F ig. 2. X-ray emission from the Cartwheel galaxy and

the 3 companions superposed on the Digit ized Sky Sur-

vey plate. Isocontours are at 0.041, 0.076, 0.116 and

0.156 cts/ arcsec2 over the background, assumed at 0.054

cts/ arcsec2 (see text). The HRI data are smoothed with a

Gaussian funct ion with σ = 3′ ′ .

Figure 1 shows the superposit ion of the X-ray data

smoothed with a Gaussian funct ion with σ = 10′ ′ on the

Digit ized Sky Survey plate2. The posit ioning of the X-ray

emission is accurate, since several X-ray point sources co-

incide with their opt ical counterparts in the field of the

Cartwheel. Searching the NED database we find that the

source at RA(J2000) 00h 36m 52s and Dec(J2000) − 33◦

33′ 12′ ′ coincide with ESO 350-IG 038 (a group or inter-

act ing pair containing a Seyfert galaxy) and the source

at RA(J2000) 00h 37m 29s and Dec(J2000) − 33◦ 44′ 40′ ′

with the radio source PKS 0035-340.

In order to improve the S/ N rat io we have made a

select ion in Pulse Height Analyzer (PHA) channels. We

have extracted total counts from a 2′ diameter circle

centered on the Cartwheel opt ical posit ion, and plot ted

their dist ribut ion in PHA channels against the dist ribu-

t ion of background counts, ext racted in a nearby region

devoid of sources. Select ing PHA channels 2-10 reduces

the background considerably (25-30%), while retaining a

large enough range in PHA channels that changes in the

gain across the detector should not significant ly affect our

results. This PHA select ion applies to all further results.

Figure 2 shows the X-ray emission from theCartwheel

galaxy and its companions, again superposed on the DSS.

The data are smoothed with a Gaussian funct ion with

2 The Digit ized Sky Survey was produced at the Space Tele-

scope Science Inst itute (STScI) under U.S. Government grant

NAG W-2166.



THE TARGET AND THE BULLET

• 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: 

• 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. 

• THE SHOCK WAVE BRINGS THE MATERIAL (GAS AND STARS) TO

THE OUTSKIRTS. 

Renaud et al MNRAS 473, 585–602 (2018) 

Higdon 1996
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WORKING DEFINITION OF ULTRA LUMINOUS X-RAY SOURCES 
(FABBIANO 1988)

LX(0.5-10KEV) > 1-2 X 1039 ERG/S, = LEDD (~10 MSUN) UNRESOLVED & 
NON-NUCLEAR

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

HIGH SFR OBJECTS – HIGH NUMBER OF ULXS

Antennae
Chandra/HST/Spitzer

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 HEII EMISSION

• TRACER OF LOW METALLICITY ENVIRONMENT ?

WEAKER STELLAR WINDS OF LOW METALLICITY STARS
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WHAT POWERS THE BINARY?
HOW TO “WEIGH” THE COMPACT OBJECT?
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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

Pintore, ..Wolter, et al 2017



XLF OF RINGS IN WOLTER FRUSCIONE MAPELLI 2018

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

• ARP 284       (2+7) SMITH, STRUCK, & NOWAK (2005)

• ARP 147       (9+0) RAPPAPORT ET AL. (2010)

• NGC 922     (7+5) PRESTWICH ET AL (2012) 

KOUROUMPATZAKIS ET AL (2021)

• AM 0644-741 (7) WFM 2018

• ARP 148 (2) WFM 2018

• ARP 143 (9) WFM 2018

ULX IN COLLISIONAL RING GALAXIES (RIGS)

Chandra 25 Years - Anna Wolter 3 Dec 2024



Swartz+ 2011: 

total SFR = 51 Msun/yr

THE XLF OF RIGS

WOLTER, FRUSCIONE, MAPELLI 2018

• 7 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; SFRTOT = 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)

Grimm+ 2003: 

30 – 50 Msun/yr 
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ARE WE SEEING THE IMBH POPULATION?

• 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 IS 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. 

Wiktorowicz+2017 
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METALLICITY – NGC 922 (SOLAR Z?)

3 Dec 2024Chandra 25 Years - Anna Wolter

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

• ESO NTT SPECTRA: HE I 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) 



CARTWHEEL WITH XMM-NEWTON

• XMM-NEWTON – 8 SOURCES DETECTED

• VARIABILITY OF POINT SOURCES (ALBEIT CONFUSED) –
ESPECIALLY N10 (SEE BELOW)

• TRANSIENTS (NEW SOURCES)

• LOW S/N DETECTION OF HOT PLASMA AT KT ~ 0.2 KEV 
LX (0.5-2) ~ 10 40 ERG/S

• OPTICAL FILTERS -> SED

CRIVELLARI, WOLTER, TRINCHIERI 2009 A&A
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E. Crivellari et al.: The XMM-Newton Cartwheel 451

Table 5. The gas component parameters for the ring and the “in” region of the Cartwheel, computed from the summed EPIC-pn datasets, plus
relative densities, volumes, and masses of gas.

Gas nH χ2 (d.o.f.) n V M

kT pn Count rate Flux

(0.3–2 keV) (0.5–2 keV) [cm−3] [cm3] [M⊙]

×10−3 ×10−14 erg/cm2/s ×1021 cm−2

Ring 0.20 [0.16–0.22] 10.09 ± 0.43 1.18 0.23 0.73(24) 2.4×10−3 2.03×1068 4.7×108

“In” 0.16 [0.12–0.21] 7.02 ± 0.37 1.03 2.9 ± 0.9 0.99 (26) 2.2×10−3 1.50×1068 2.8×108

inner part of the Cartwheel. It would be tempting to associate
the gas to the inner ring or a nucleus, since the inner ring was
found to be bright at IR wavelengths (Charmandaris et al. 1999).
However, our data are of insufficient spatial resolution to ascer-
tain whether the hot gas emission is associated with a particular
region of the galaxy.

In summary, the total luminosity of the Cartwheel gas com-
puted using a mean temperature of kT = 0.2 keV, is LX ∼
6.4 × 1040 erg s−1, about 60% of which originates in the ring
alone.

The mass of this gas is given in Table 5, separately for the
ring and inner regions. We used the average gas density derived
from the spectral parameters assuming that a fully ionized gas
(Ne = NH) is distributed in a volume approximated by a toroid,
for the ring, with rin = 25

′ ′ , rout = 40
′ ′ , and rtorus = 7.5

′ ′ , plus a
cylinder, for the inner gas, with rb = 25

′ ′ , and h = 15′ ′ . Overall,
the total mass in gas is M = 7.5 × 108η1/ 2 M⊙in the Cartwheel.

In a study of the ionized hot gas of a few young galax-
ies characterized by an intense star-formation activity, Tüllmann
et al. (2006) calculated gas masses of about 108 M⊙. Similar
values have also been found, for instance, for the spiral galaxy
M 83 (M = 2.2 × 108 M⊙ for a filling factor of η = 1, Ehle
et al. 1998) or the interacting galaxy NGC 3395 in Arp 270
(M = 1.02 × 108 M⊙ for η = 1, Brassington et al. 2005). In
this respect, the Cartwheel galaxy appears to have a higher gas
mass than these other young/interacting galaxies.

We estimate also that the thermal energy associated with the
hot plasma for η = 1 is EX = 3neηVkT = 4.6/ 3.2 × 1056

erg for the ring/inner region. This again appears to be high,
since it is only a factor of 2 lower than the thermal energy
EX = 1.5×10

57 erg estimated for the starburst galaxy NGC 3256
(Lira et al. 2002, a spectacular merger, one of the most IR lu-
minous system in the local universe). While caution should be
taken when interpreting our results, which depend on several as-
sumptions about the spectral parameters and corrections applied
(see previous discussion), the high values derived could be due
to the significant clumpiness of the medium.

Finally, we extract the spectrum of gas in the group within
a circular region of 60′ ′ radius (see Fig. 3), excluding the con-
tributions of the galaxies and the background sources. Given the
presence of bright sources in the area, we must again take into
account their contribution outside the excluded regions. In par-
ticular, for the bright source XMM11 to the NE, we used an
exclusion region of radius 8′ ′ . A larger radius would reduce too
much the area available to measure the group emission. The con-
tamination from XMM11 is therefore on the order of 25% of its
flux. We extracted its spectrum and derived a powerlaw index
Γ = 2.0, which we added to the model spectrum for the group
emission, described by a mekal model, to account for the high
energy part of the spectrum. We fixed the normalization of the
power law to be 25% of the flux of XMM11.

Fig. 8. SED of Cartwheel ring, G1, G2, and HII and N.10, see text for
description. Data from OM, Marcum et al. (1992), 2MASS.

The resulting group gas has a temperature kT = 0.21 [0.15–
0.27] keV and a luminosity L0.5−2

X
= 9 × 1039 erg s−1. These val-

ues are much lower than typical values of compact groups (kT ∼
1 keV and 1042 erg s−1, Ponman et al. 1996; Mulchaey et al.
2000). However, observations of dynamically young, spiral-
dominated systems indicate significantly softer and lower LX
IGM (SCG0018-4854: Trinchieri et al. 2008; HCG16: Belsole
et al. 2003; HCG 80: Ota et al. 2004).

The measurements of the gas in the Cartwheel group is for-
mally consistent with the extrapolation to low temperatures of
the LX−kT relation for groups and clusters (Mulchaey et al.
2000). Nevertheless, given the large uncertainties and scatter in
the extrapolation, this result is not conclusive.

7. IR to UV SED

Using data from the OM instrument in the six UV/optical bands
observed, we studied the broad-band energy distribution of the
ring, of galaxies G1 and G2, and of two regions in the ring, corre-
sponding to the brightest ULX, N.10, and to the brightest IR hot-
spot (labelled HII). The fluxes obtained in each filter are listed in
Table 6. We added the IR fluxes from the literature, in particular
the 2MASS data (total magnitude, Skrutskie et al. 2006) for the
Cartwheel and G2. We emphasize that the 2MASS measurement
includes the entire Cartwheel, so they are not strictly compara-
ble to the values reported in Table 6, which refer to the ring only.
We also included the ring, G1, and G2 values in B and K band
from Marcum et al.(1992).

Figure 8 shows the Spectral Energy Distributions for the dif-
ferent sources considered, from Table 6 data. We also show two



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

• N10 (WOLTER, TRINCHERI 2004): LX > 1-2 10 41 ERG/S – ONE OF THE FEW HLX

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

Wolter, Trinchieri, Colpi 2006

Pizzolato, Wolter, Trinchieri 2010
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THE HLX: N10 (XMM+CHANDRA)

• N10 (WOLTER, TRINCHERI 2004): LX > 1-2 10 41 ERG/S – ONE OF THE FEW HLX

• 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 (PIZZOLATO, WOLTER, TRINCHIERI 2010)

• ACCRETION ON ~100 MSUN BH (BEFORE THE DETECTION OF GW)

• NO HYPER-ACCRETION (KING+2001) ON STELLAR MASS OBJECT (NO L~KT-4 )

• POSSIBILE ALSO SN TYPE IIN (YOUNG SN INTERACTING WITH ENVIRON)
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VARIABILITY - CHANDRA

“TIMING” IMAGE 
RED: MAY 2001; GREEN: JAN 2008; BLUE: SEP 2008

• ALSO XMM-NEWTON (ALBEIT CONFUSION)

• 37 SOURCES INCLUDING G1 AND G2

• 1/3 VARIABLE BETWEEN OBSERVATIONS

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

SALVAGGIO, WOLTER, BELFIORE, COLPI, 2023 MNRAS
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POPULATIONS, METALLICITY, SFR

• MUSE DATA - MOSAIC OF 4 OBSERVATIONS WITH IFU

DITRANI, LONGHETTI, FOSSATI, WOLTER 2024 A&A
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POPULATIONS, METALLICITY, SFR
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• MUSE DATA - MOSAIC OF 4 OBSERVATIONS WITH IFU

• DEFINE DIFFERENT REGIONS – EXTRACT SPECTRA (4 REGIONS) 

• + 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) 

DITRANI, LONGHETTI, FOSSATI, WOLTER 2024 A&A



ASSUMING METALLICITY, DERIVE AGE/SFH
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EXTERNAL RING
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MULTINEST fit: Monte-Carlo Spectro-Photometric Fitter adapted from Fossati+ 2018



FROM STAR POPULATIONS TO ULXS
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• THE “OLD” CARTWHEEL RETAINS CHARACTERISTICS OF

SPIRALS

• A “YOUNG” POPULATION CONTRIBUTE A SMALL

FRACTION OF THE MASS IN ALL REGIONS OUTSIDE THE

NUCLEAR ZONE.

• THE OUTER RING IS VERY YOUNG <~ 400 MYR (CAVEAT

FOR OLD STARS NOT EASY TO BE DETECTED)

• SHOCK WAVE DRAGS NEW STARS OUT

• EXPECT MOST ULXS POWERED BY BH; SOME MIGHT BE

NS (PB: CAPTURE OF COMPANION?) WOLTER ET AL IN

PREP.

Chandra contours; Circles: bkgd srcs



FUTURE (NEAR) 

• CONSTRUCT A COMPARISON COMPLETE SAMPLE

(WOLTER, FRUSCIONE, … IN PREP)

• 14 GALAXIES FROM ARP&MADORE, Z<0.02

A NUMBER OF OBSERVATIONS IN DIFFERENT BANDS

(X-RAYS; HALPHA ETC)

• LESS POWERFUL THAN “BRIGHT&FAMOUS”

• LOWER MASS?

• SHORTER/LONGER TIME SCALE FROM IMPACT?

• DIFFERENT METALLICITIES?
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FUTURE (NEAR) – CONT’D 

• NEW CHANDRA OBSERVATIONS THIS AO 

SEVEN OBJECTS: 

• 3 WITH XMM-NEWTON DETECTION, PLUS

HALPHA AND SPECTRAL OPTICAL DATA; 

• 4 WITH NO X-RAY DATA AND LOW NH. 

+ OPTICAL DATA FROM GOODMAN SPECTROGRAPH

ON SOAR TELESCOPE
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FUTURE (FAR) 

• A NORTHERN SAMPLE OF RIGS

• CITIZEN ZOO RING SAMPLE? 

II Zw 28

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 ULXS

• CONCLUDE THE COMPLETE SAMPLE

… AND DO ALL THIS, AND DO IT RIGHT …
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Webb Captures 
Stellar Gymnastics 
in The Cartwheel 

Galaxy

NASA 2 Aug 22

https://www.nasa.gov/feature/goddard/2022/webb-captures-stellar-gymnastics-in-the-cartwheel-galaxy
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Thank you
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