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NewAthena'’s contribution to the
ionizing feedback in low-metallicity
starburst galaxies. 1




The Hell problem

Hell A4686A (optical) traces extremely hard ionizing
radiation (Hell I.P. >54.4 eV).

Strong He Il emission is observed in many
low-metallicity and high-redshift galaxies.

Nearby template galaxies exhibit the same behaviour.
Not limited only to Helium!

E.g., [NeV] AM14.32 um (infrared)

(NeV I.P.>97.12 eV)

Normal stellar population models underpredict the
observed He Il strength. We need one or more of the

following:
A. Very massive or weird stars
B. ULX

C. Diffuse X-ray emission

| Zwicky 18
HST ACS/WHC
Y. Izotov (MAO, Kyiv, UA), T. Thuan (UVa)

N " 3,300 light-years
ACS F555W V
E 1 kilgparsec 15" » .
Credit: NASA ,



ESO 338-4 | Template Dwarf Galaxy with HST

Template low-metallicity starburst
dwarf galaxy:

> 12% solar or 12+log(O/H)=7.9.

> SMC: 20% solar. LMC: 50% solar.

29  —41:34:28

Distance of 40 Mpc. Close enough to
resolve individual X-ray sources with
Chandra!
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L, assen™ 2:10% erg-s™ from MUSE
data.’L,, /L, = 0.019.

19:27:58.8 . 58.4 58.2
Right Ascension

Bik et al. 2018, Oskinova et al. 2019, Chatzis et al. 2026
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* Ly
Integrated L, from

HMXB in galaxies. 41—

% SFR: 40 E
Averaged star

formation rate over

log Ly/SFR [erg s™' (Mg yr™")7']

125 Myr. 39 E ==
% 12+log(O/H): 38 z— + This Wérk \\%
Metallicity = \=
E ] | | | | | | | | | | | | I | | | I | E
7.5 8.0 8.5  Solar g
Lehmer et al. 2024, 12+1og(0/H) [dex] Metallicity

Chatzis et al. 2026

ESO 338-4 | X-rays across metallicities




s Joint Chandra/XMM-Newton program.
Dwarf galaxy ESO 338-4

< 16 Chandra Observations. Total of 300ks.
% Very deep data set allows for:

> Deconvolution of 5 ULX within the
galaxy.

> Chandra has an astrometric accuracy
of ~1.4”. Alignment of the dataset with Variable
Gaia EDRS allows for sub-arcsecond and very

precision. bright

We can search for multiwavelength

counterparts on the sub-arcsecond Wavdetect output
scale' GREEN: Ellipse enclosing 3c0 of the photons associated with the source

RED: ULX location

Chandra | Deconvolution of ULX population




% Joint Chandra/XMM-Newton program.
% 16 Chandra Observations. Total of 300ks.
% Very deep data set allows for:

> Deconvolution of 5 ULX within the
galaxy.

Declination

> Chandra has an astrometric accuracy
of ~1.4”. Alignment of the dataset with |

Gaia EDR3 allows for sub-arcsecond

precision. 19:27:58.8 58.6 58.4 58.2 58.0 57.8
Right Ascension

We can search for multiwavelength
counterparts on the sub-arcsecond
scale!

Chandra | Optical counterparts




% Joint Chandra/XMM-Newton program.
% 16 Chandra Observations. Total of 300ks.
% Very deep data set allows for:

> Deconvolution of 5 ULX within the
galaxy.

Declination

> Chandra has an astrometric accuracy
of ~1.4”. Alignment of the dataset with |
Gaia EDRS allows for sub-arcsecond )

58.2 58.0 57.8

precision. T 10270 58.6 584
Right Ascension
We can search for multiwavelength % Highly variable on day timescale.
counterparts on the sub-arcsecond ¢ L>10"erg-s™. HLX?
scale! % NS or BH? IMBH?

Chandra | Optical counterparts
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ULX1 Chandra light curve
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25 50 75 100 125 150 175 200

Dates [MJD-60000]

In our analysis we co-add the spectra,
effectively taking the average behaviour.

225

Chatzis et al. 2026



Chandra | Spectral Analysis
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Chandra allows us to fit models to both the
ULX emission AND the /ocal diffuse
emission.

ULX@ model components:

tbabs_, % tbabs ¥ ULX@ model

Diffuse model components:
tbabs__, % APEC

ULX1 spectral model test cases:

> powerlaw
> diskbb+diskbb

> diskpbb

emission

All model cases have
unconstrained parameters.
We need XMM to choose!



Chandra | Spectral Analysis
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Chandra allows us to fit models to both the
ULX emission AND the /ocal diffuse
emission.

ULX@ model components:
tbabs_ , ¥ tbabs ¥ ULX@)-=
Diffuse model compo
tbabs__, % APEC

unconstrained parameters.

> powerlaw
We need XMM to choose!

> diskbb+diskbb
> diskpbb




ULX Chandra Spectra

Energy (keV)

Chatzis et al. 2026
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Inner Halo boundary = Central Region Boundary

-41:34:00.0 33:30.0

Outer Halo
bounda

Declination
30.0

35:00.0

30.0

06.0 04.0 02.019:28:00.0 58.0 56.0 54.0 52.0 27:50.0

Chatzis et al. 2026
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-41:34:00.0 33:30.0

No observable pulsations!*

Declination
30.0

*ULX are blended and
Chandra/XMM-Newton
observations are not

contemporaneous. We don't
know the state of ULX1.

35:00.0

30.0

06.0 04.0 02.0 19:28:00.0 58.0 56.0 54.0 52.0 27:50.0
Chatzis et al. 2026
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XMM-Newton | Spectral Analysis

% Central region:
tbabs_, ¥ (APEC+ Sum of {tbabs, ¥ ULX@ model}).

7
L X4

ULX2-5 and well-constrained ULX1 parameters from

-41:34:00.0 33:30.0

Chandra analysis = Fixed in XMM-Newton spectral fit.

Declination
30.0

7
L X4

Halo region:
tbabs_, % (APEC_ + APEC, ).

35:00.0

30.0

Joint Central/Halo region analysis confirms
diskbb+diskbb as the correct ULX1 spectral
model choice. Right ascension

06.0 04.0 02.019:28:00.058.0 56.0 54.0 52.0 27:50.0

11



sign(data-model) x A C-Statistic keV? (Photons cm-2 s-' keV-1)

102 |

104

10 |

Central Region

Energy (keV)

sign(data-model) x A C-Statistic keV2 (Photons cm-2 s-1 keV-1)

XMM-Newton Spectra

104

Halo Region

105 |
10 |

107 B
10 |

Energy (keV)

Chatzis et al. 2026
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* Incident emission: Chatzis et al. in prep
> ULX spectrum. Taken from our analysis.

> Very hot Star. Grid models from the Potsdam
Wolf-Rayet Stellar Atmospheres (POWR) code.

« Main cloud properties:
> Metallicity
> Cloud density.
> Stopping criterion.

WE e\

See you next week in Elche @
X-ray Universe.
Tue June 9th, 15:30, Room 1.
OR
& Nebular SED + line strengths. Let's talk during a coffee break!
% Information about the extreme-UV ULX SED.
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NewAthena in the Early Universe

Assuming 1 dominant point source &
diffuse emission
+
NewAthena X-IFU'’s spectral resolution
and large effective area
High quality spectra of unresolved
early universe galaxies

e
I
>

Q
.V
IUJ
~

)

+
@©
—
-

-

-]

o}

&)

>

@©

0
>

+ Chandra 156 ks
+ NewAthena/XIFU 64 ks

-2 i
10 3 T

08 10 12 14 16 1.8 20
Energy (keV)

Cruise, M., Guainazzi, M., Aird, J. et al. 2014 14
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tact
Discovery and deconvolution of 5 ULX in a nearby template \ con s _potsdam.de \

iCi i astro.physik.uni
low-metallicity starburst galaxy. chatzis@

Multiwavelength counterpart mapping thanks to astrometric T] [‘

corrections with Gaia EDRS. YOU

Spectral modelling of point sources and diffuse gas in and
around the galaxy.

ULX1 variable on the day scale but does not exhibit
pulsations. Nature still an open question.

Photoionization modeling shows X-rays as significant ionizing
photon contributors.

NewAthena will provide high quality spectra of unresolved far
away galaxies.

Summary
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XMM-Newton | Halo metallicity and ULX1 model

Soft APEC component

. : _ 0.12

%  Explored halo metallicities from 0.02—-0.12 JQ) e T

Z_ to test parameter degeneracies. = 4.5 T 0.10
@) F L 2 {

+  Central region fit: Includes an APEC S 4.0 0.08 3
component and unresolved point source i 1 N
population. g 3.57 | 0.06 N

_ S 3.0

« Different ULX1 spectral models return = 0.04
APEC components of varying temperature 2.5
ranges. | | , 0.02

0.3 0.4 O!5 0.6 0.7
) KT [keV] Chatzis et al. 2026

The ULX1 diskbb+diskbb model remains the only central-region
solution whose APEC component has a temperature range that overlaps
with the halo.

»  Halo fit: tbabs_, % (APEC_ + APEC



Model parameter

Best-fit value

Point sources

ULX1: tbabsga) X thabs;, X (diskbb; + diskbb:)

X-ray spectral analysis | Best fit model parameters

Diffuse sources

Halo: thabsga) X (APEC; + APEC,)

kT, (keV) 0.26 +0.02
Norm, (cm™) (27 +04)x 1073
kT, (keV) 35+03

Norm, (cm™) (6.1 £+0.2)x 1073

Central: thabsca) X (APEC + Point-source contribution)

kT (keV) 0.262 + 0.007
Norm (cm™) 3.7+0.1)x10*

Nitine (107 cm™) 0.6+03
Tin1 (keV) 1.7+ 0.2
Norm; 8+3)x10™*
Tin2 (keV) 0.215 £ 0.009
Norm; 30+ 10
ULX2: tbabsga) X thabs;, X diskpbb

Nitine (1072 cm™2) 0.1+0.2

Tin (keV) 1.2+0.1
Norm (7+9)x 1073
r 1.0+£0.38
ULX3: tbabsga) X thabs;, X powerlaw

Nitine (107 em™) 0.7+03
Norm (photonskeV~'cm=2s™! at 1 keV) (1.8 +0.8) x 10~°
r 27+03
ULX4: tbabsga) X thabs;, X powerlaw

Niine (102 cm™2) 09 0.6
Norm (photonskeV~'em™ s~ at 1keV) (1.0£0.7)x 107
i (2.5+0.6)
ULXS: tbabsg,; X thabs,, X powerlaw

NH.int (107 cm™2) 2.1+08
Norm (photonskeV~'em™2s! at 1keV) (1.6 +1.2)x 10°°
r 25+06

Chatzis et al. 2026



© © L ®
0504 0604 0704 0804

16| ® ® © © © @

Incident emission: mon i s okos s o s

L L] L J L] L ] L J L] ° @ °
0506 0608 0706 0806 09-06 1006 11-06 12-06 13-06 14-06

14| e ° © ° © ° © ° ° °

s ULX spectrum. Taken from our o I Lo e e o o ot Lo
anaIySiS. 0508 0608 0708 0808 0908 1008 1108 1208 1308 14-08

12| e © ® ® ® ° 3 ® ® ®
0509 0609 0709 0809 0909 1009 1109 1209 13-09 14-09

% \Very hot Stars. Grid models from
the Potsdam Wolf-Rayet Stellar

Atmospheres (PoWR) code.
> T, : Stellar temperature

0511 0611 07-11 0811 0911 1011  11-11 1211 1311 1411 1511

log Rt [R:]

0512 0612 07-12 0812 0912 1012 1112 12-12 13-12 14-12 1512

08] ® e e e e o o o o o o
0513 06-13 07-13 0813 0913 1013 1113 1213 13-13 1413 1513

> Rt Transformed radIUS Proxy Of " os:m 09-14 10.14 11:4 12:4 13:4 14:4 15:4 16:4

wind strength.
Metallicity: LMC, SMC, subSMC "
Type: E.g., Wolf-Rayet Nitrogen
stars
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Cloudy | Cloud properties

Metallicity: 12% solar. Host galaxy

metallicity.

Spherical Geometry.

n,=10%%cm>.
Stopping criterion:
N,,=10%°cm™.

Approximates
internal ULX
absorption

=== tbabsj, - (diskbb+diskbb)
(diskbb+diskbb)
Cloudy output
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Cloudy | BPT diagram

SMC WNE SMC WNE+ULX SMC Apec
1.0
5.1
0.8 1
5.0
0.6
Q.
T r4.9 £
= e
= >
O . o
§ 0.4 4 i
o L as
..
L]
.
029 47
0.0 T T T T T T T T T T T T T T T
-2.0 -1.8 -1.6 -1.4 =132 -1.0 -2.0 -1.8 -1.6 -1.4 =12 -1.0 -2.0 -1.8 -1.6 -1.4 -1.2 -1.0

log([NI1]/Ha)

Chatzis et al. in prep



—— diskpbb
—— tbabsin - (diskbb-+diskbb)

10!

Chatzis et al. in prep

Internal absorption and Cloudy

10°
E (keV)

1041 J

L (erg/s)

1040_

tbabsjy¢ - (diskbb+diskbb)

(diskbb+diskbb)
Cloudy output
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