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Who is who: DIG/eDIG/WIM

WA DIG — diffuse ionized gas
eDIG — extra-planar ionized gas
WIM — warm ionized medium (= DIG B MW)

IneKkTpoHHaa TemnepaTtypa ~ 104 K, Ha HeckonbKko ThiC K Bbiwe obnacten H |, ysennumBaeTca C
PACCTOAHMEM OT AMNCKA

INeKTPOHHaA MNNOTHOCTLb ~ 0.01 - 0.1 cM—3, yMeHbLUaeTCAa C PAaCCTOAHMEM OT AUNCKA

[1na DIG cBOMCTBEHHO yBenuyeHure otHoweHum nudnm [N 11]/Ha, [S II]/Ha, [O III]/HB, [O I]/Ha
C YBeNnMyeHneM PacCToaHUA OT AMCKA FaNakKTUKM

B MW: coctaBnaet 20% obbema ISM n 90% maccbl MOHM30BAHHOIO BOAOPOAA

eDIG nrpaeT BaxkHenLWy ponb B NpoLeccax obMeHa ra3om, MeTannamMmn 1 SHeprmem mexay anckom
1 Tano ONCKOBbIX FafakTUK, BAKAA HA NX IBOJTOLMIO




[Ipobnembl DIG

e OTCYyTCTBME OETaIbHOIO nccnenoBaHua cTpyKTypbl eDIG ¢ BbICOKMM pa3peLlleHremM And Kakon-J1. BbIDOPKM
ranakTuk

e MexaHn3mbl 4nsa BOpoca 1 NoaaepaHmnsa nNpUCyYTCTBMA ra3a Ha 00abLUKMX BbiCOTaxX (MOea O BHELHUX
MCTOUHMKAX NPOBanunachb, T.K. noBegeHme DIG He cKopennnmpoBaHO C BO3MOMHbIMU MCTOUYHWKAMW U3BHE) — 7

e MexaHn3mbl, CMOCOOHbIE 0becneunTb HabNaaemMyto CTeneHb NMOHKW3aumnm rasa — ?
e HeobxogmmocTtb yumntbiBaTb HOLMES (hot low mass evolved stars), nommumo OB-3Be3g — ?

e HOLMES o6nagatoT MEeHbLUVMWN MOHU3UNPYIOWMMUN CBETUMOCTAMK, Yem OB-3Be3abl, HO UX YMCIIO
HaMHOro bonblue, Tem bonee Ha OOMbLKMX BbICOTAX Had MNOCKOCTbIO (T.K. OB-3Be3abl coCcpeaoToueHbl B
nncke, a HOLMES pacnpeneneHbl 6onee paBHOMEPHO MO TOICTOMY AMCKY 1 3BE€3AHOMY raso)
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ABSTRACT

The extraplanar diffuse 1onised gas (eDIG) is a key component for understanding the feedback processes that connect galactic discs
and their halos. In this paper, we present the second study of the Bidimensional Exploration of the warm-Temperature Ionised Gas
(BETIS) project, the aim of which 1s to explore the possible 1onisation mechanisms and characteristics of the eDIG. We use a sample of
eight edge-on galaxies observed with the Multi-Unit Spectroscopic Explorer (MUSE) integral field spectrograph (IFS) and apply the
methodology developed in the first paper of the BETIS project for obtaining binned emission line maps. We find that the vertical and
radial profiles of the [N 11]/He, [S 11]/Ha, [O 1iI]/HB, and [O I]/Ha ratios depict a complex ionisation structure within galactic halos -
which is influenced by the spatial distribution of HII regions across the galactic plane as observed from our line of sight—, with Lyman
continuum photon leakage from OB associations constituting the main ionisation source. Moreover, the electron temperature and S*/S
ionisation ratio also exhibit a dependency on the distribution of HII regions within the galactic discs. Our analysis excludes low-mass,
hot, and evolved stars (HOLMES) as viable candidates for secondary ionisation sources to elucidate the unusual behaviour of the line
ratios at greater distances from the galactic midplane. In contrast, we ascertain that shocks induced in the interstellar medium by star
formation(SF)-related feedback mechanisms represent a promising secondary ionisation source of the eDIG. We present a suite of
models integrating ionisation mechanisms arising from fast shocks and photoionisation associated with star formation. When applied
to the classical Baldwin—Phillips-Terlevich (BPT) diagrams, these models reveal that the 1onisation budget of the eDIG ranges from
20% to 50% across our sample, with local variations of up to 20% within individual galaxy halos. This contribution correlates with the
presence of filaments and other structural components observed within galaxy halos. The presence of shocks is additionally supported
by the observation of a high density of high [O1]/Ha ratios, which is characteristic of shock-compressed ionised gas, and is likely
induced by feedback from regions of intense SF within the galactic disc. These results demonstrate consistency across all galaxies
analysed 1n this sample.

Key words. ISM: general — HII regions — ISM: structure — galaxies: ISM — galaxies: star formation
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VA 2D-aHanm3 eDIG ¢ Bbicokum pa3pewieHnem (FWHM < 200 nk) ¢ momoLbto Bbibopkn 8 edge-on (i > 75°)
ranaktnk MUSE (z < 0.01) ¢ Hu3kumMmun SFR n Bbicokmm sSFR coBmecTHO ¢ moaenamm GOTOMOHM3aALNN 1
yOAPHOW MOHM3aLUMN, aCCOLUMMPOBAHHbBIX CO 3B€30000Pa30BaHMEM

[TaBHbIN NCTOYHUK MOHK3aumm eDIG — yTeuka ¢poTtoHoB 13 OB-accoymaumni
NckniovaioT HOLMES 13 BO3MOXHbIX KaHOMOATOB Ha JOMONHUTENbHbBIN MCTOUHWK MOHUM3auun eDIG

[lononHNTeNbHbIN UCTOYHUK MOHM3aUMK eDIG — yaapHble BOMHbI Kak duabdbek 38e30000pa30BaHNA
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JIaHHbIE 1 METObI

The MUSE instrument brings 1arcmin? of field of view
(FoV), with a spatial and spectral sampling of 0.2 X 0.2 arcsec

and 1.25 A respectively within a spectral range of 4650—-9300 A.
Every datacube consists in four exposures (three for I1C217)
of 2624 s, and at least half of the galaxy is covered by one
VLT pointing (from the centre to one of the edges of the
galaxy, 1.€. 0.5R>s < 1 arcmin). The data was originally reduced

To conduct this exploration, we first extract the emission line

features of the eBETIS sample in the form of binned emission
line maps, following the same procedure described in BETIS I°:
we employ our own adaptive binning algorithm to the original
datacubes, setting a S/N target of 10 based on [SII], since this
line 1s one of its main features of the eDIG and DIG 1n gen-
eral, as well as it typically exhibits low S/N 1n both planar DIG
and eDIG. Subsequently, we perform a simple stellar popula-




JIaHHbIE 1 METObI

[lpn Takom meTofe

log(SFR) =log(Ly,) — 41.27, onpeneneHunst SFR cTpaHHO

. : AeJ1aTb BblBO4, UTO MNaJiaKTUKW
decrement Ha/HB =2.87. The galaxies are then normal-disc AMEIOT HU3KMI SER B

galaxies with low star formation. This 1s consistent with the clas- EEETIQ i o e Ol

grammes. Table 1 shows the integrated star formation rate (SFR)
in the disc spans between 0.024 M,/yr < SFR <0.229 M /yr.

with specific SFRranging between —10.5 < log(sSFR/yr) <
-9.92, corresponding barely to star-forming galaxies (using
MUSE data and 3.6 um stellar masses; Munoz-Mateos et al.




Mpy Takom meTone onpefenena SFR| log(SFR) = log(LHa) - 41.27,

CTPpaHHO AeflaTb BbiBOA4, UTO MNaJIaKTUKN . .
b ; & decrement Ha/HB =2.87. The galaxies are then normal-disc

ﬂa H H bl e I/l MeTO IEII bl MMEIOT HISKN SFR B abconioTHom cmbicne galaxies with low star formation. This 1s consistent with the clas-

graminés. Table 1 shows the 'integ.rated star formation rate (SIFR)
in the disc spans between 0.024 M,/yr < SFR <0.229 M /yr.

with specific SFRranging between —10.5 < log(sSFR/yr) <
-9.92, corresponding barely to star-forming galaxies (using
MUSE data and 3.6 um stellar masses; Mufioz-Mateos et al.

Galaxy RA (J2000) Dec (J2000) Type z D PA FWHM |Incl. | log SB lim. Bin size L.pig(Ha)| log SFRp;s
(deg) (deg) Mpc) (°)  (pe) | ) |(erg/s/kpc®)  (pc)  (erg/s) | (Mg/yr)

Table 1. General characternstics ol the eBETIS sample, 1n order ol declination.

IC217 34.0435  —11.9267 Scd 0.00630 24.32 357 117.91 35.6 943  39.11 0.063
PGC28308 147.5582 —12.0576 Scd 0.00907 45.22 1252 153.46 |85.5 35.2 1754  39.12 0.084
PGC30591 156.3603 —15.3492 Sd 0.00676 35.22 169.2 187.83 | 86.6 36.0 136.6  39.13 0.035
ESO544-27 332277 -19.3168 Sb 0.00818 32.81 153.3 159.07 |90.0 35.0 1272  38.92 0.024
IC1553 8.1671 -25.6075 Irr 0.00979 32.25 150 171.99 36.5 125.1  39.80 0.229
ES0443-21 1949412 -29.6002 Scd 0.00941 40.31 160.8 195.45|79.0 36.6 156.4 39.71 0.184
ES0469-15 347.2317 -30.8579 Sb 0.00545 19.81 149.2 86.44 |90.0 35.9 769  38.90 0.029
ESO157-49 69.9036  -53.0126 Sc 0.00559 24.82 304 96.26 |79.3 35.3 96.3  39.46 0.060

Notes. The columns represent, from left to right: the designation of the galaxy, the RA and Dec in the J2000 epoch, the morphological Hubble
type, the redshift, the distance in Mpc, the position angle (in deg), the PSF FWHM 1n pc, inclination with respect to the line of sight (in deg),
the 20~ Xy, limit and the average physical size of the bins in pc. The RA, Dec, the morphological type, the redshift, and distances are obtained
from NED. The position angles and inclinations are obtained directly from Com19 and Hyperleda. The last columns represent the integrated Ha

luminosity within the eDIG and the integrated SFR of the disc (see Section 2).




CnoxHasa ctpykTypa DIG B Ha

10 20 3.0 A 40 30 20 1.0 00
kpc kpc

Fig. 1. eBETIS sample. The images correspond to the binned Ha emission line maps obtained in Sect. 2. Each image 1s rotated PA-90,° with the
white arrows indicating the direction of the celestial north and east in the original image. The ellipse fitting of the galactic plane (see Sect. 2) 1s

coloured 1n grey scale. The contrast between the galactic plane and the extraplanar gas reveals the complexity of the 1onised extraplanar gas, which
comprises diffuse gas, filaments, and various structures.
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CnoxHasa ctpykTypa DIG B Ha

The most discernible
morphological
structures observed
in the outer regions of
the galaxy are the
filaments. In galaxies
such as ESO157-49
and IC1553, these
filaments are
especially visible,
emerging from the
galactic plane and
extending more than
2 kpc from the
midplane.

1C217

-3.0 -2.0

kpc

[C1553

-1.0

0.0

1.0

PGC30591

Other structures can
be observed, for
Instance, In
ES0443-21, which
features a thick knot-
shaped filament
around the galactic
centre that reaches a
distance of-4.5 kpc

from the midplane.
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(SI]/Ha _ (NHT/Ha _ The images show the intricate and asymmetrical structure of
02 : ' ' ' : : ' the eDIG. Having differences of 0.4dex in the [S II]/Ha ratio

| | " : along the major axis and over 0.8 dex in [N II]/Ha. Additionally,
the line ratios increase with respect to the distance from the mid-
plane, a phenomenon that 1s well-documented 1n the literature
(Rand 1998; Levy et al. 2019). However, the 2D spectroscopic
analysis of the eDIG allows to recognise that the variation of the
line ratios are dependent not only on height, but along the major
axis distance (MAD) of the galaxy.

a0l B R e 2 BRERE s o | [S11]/Hea, [O1]/HB, and [OI]/Ha maps, revealing the presence
40 B0 20 10 00 10 20 30 “40 R RS R R T R '2.0";.11.(;“4.[1‘ = of new structures, such as an aPPafent biconical structure in
e e IC1553 or a broad ionised knot in ESO443-21. The behaviour of
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Fig. 2: IC1553 line ratio maps. Every map 1s masked, excluding those bins with §/N < 2 or relative error greater than 40% for the

respective lines. We overlay the same He map of the galactc plane masked in Figure 1. The dashed red line indicates the midplane,
located at z = 0. The y-axis is re-scaled in function of the galaxy inclination.In this case, the galaclic plane 1s delined as a rectangle I 1 5 5 3
with the minor side equal to the minor axis of the fitted ellipse and the major side extending the full length of the x-axis. The grey

dashed lines indicates the heights with respect the midplane z = =1, +2, +3 kpc and major axis distances MAD = -2.5, (), 3 kpc.
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Fig. A.1. PGC28308 line ratio maps, similar to Figure 2.
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Fig. B.1. PGC30591 line ratio maps, similar to Figure 2.
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Fig. C.1. ESO544-27 line ratio maps, similar to Figure 2. Fig. D.1. ESO443-21 line ratio maps, similar to Figure 2.
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Fig. E.1. ESO469-15 line ratio maps, similar to Figure 2. Fig. F.1. ESO157-49 line ratio maps, similar to Figure 2.
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Fig. G.1. IC217 line ratio maps, similar to Figure 2.




Table 2. Summary of characteristics of the eDIG.

Galaxy DIG morphology

[C217 Disc: Homogeneous distribution of bright HII regions
Halo: Thin eDIG layer, low S/N

PGC28308 Disc: Homogeneous distribution of bright HII regions
Halo: Extended and homogeneous eDIG

PGC30591 Disc: Few bright H1I regions
Halo: Inhomogeneous extended eDIG

ESO544-27 Disc: Homogeneous distribution of bright HII regions

Halo: Homogeneous eDIG and extended filaments
[C1553 Disc: Inhomogeneous distribution of H1I regions with respect the line of sight, hidden H1I regions
Halo: Highly asymmetrical eDIG structure with a bicone and extended filaments
ESO443-21 Disc: Homogeneous distribution of bright H1II regions
Halo: Extended eDIG with a large filamentary knot
ESO469-15 Disc: Bright emission around the centre
Halo: Several extraplanar HII regions, mixed eDIG regimes
ESO157-49 Disc: Homogeneous distribution of bright HII regions
Halo: Tilted and mixed eDIG regimes with extended filaments 4,72.3

Notes. The second column represents the DIG morphology observed in the disc and halo from the Ha images. The third column shows the
horizontal and vertical distances covered by the eDIG.
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Fig. 3. Distribution of the line ratios with respect the distance from the
midplane for the IC1553 galaxy. The star-shaped, triangular, and square
markers represent the line ratio at that z for MAD = -2.5, 0, and 3 kpc,
respectively, analogous to a long-slit perpendicular to the galactic plane
at a given MAD. The solid lines represent the integrated values along
the major axis distance. The dashed black line represents the Xy, height
distribution of the galaxy. The grey background between z = —0.7 kpc
and 0.7 kpc represents the galactic plane.

At MAD =3 kpc (represented by squares in Figure 3, where the
most prominent H II regions emission 1s observed in Figure 2),
the [N1]/He, [S1])/Ha, and [OI]/Ha Line distributions follow
the same trend as their respective integrated distributions, but
consistently reach lower values. Similarly, at MAD =0 (repre-
sented by triangles in Figure 3, where the H 11 regions emission
observed m Figure 2 is lower), the line distributions also fol-
low the same trend, but consistently reach higher values. This
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Fig. 4. Major axis distance distribution of the [NII|/Ha and [S1I]/Ha
lines for IC1553 at z = 1 and 1.8kpc. In green, the normalised Xy,
MAD distribution, constructed by integrating the Ha flux within the
ellipse fitted in Section 2 throughout the major axis. Both line distri-
butions show a correspondence with the Xy, distribution, decreasing
and showing a greater difference between the two heights as the Xy,
increases. This tendency is consistent for all galaxies.

2Ho MAD distribution of IC1553. Two eflects are noticeable 1n
this figure: Firstly, all the line ratio distributions tend to be lower
between 2 kpc and 4.5 kpc, where the Xy, is higher, and increase
while the Xy, decreases, particularly for the [N 1T]/Ha ratio. Sec-
ondly, the effect of the increment of the line ratio with height,
as seen in Figure 3, remains present along the major axis, with
the difference being clearer 1n regions of high Xy, especially

for the [S 11]/Ha ratio, where there is a constant difference of
0.1 between both distributions. These effects are not exclusive




CBA3b MeXxay MnockoCTblo 1 eDIG ranaktmkin

The correlation between the morphological distribution of star-forming regions in the discs of edge-on
galaxies and the shapes and morphology of the halos presents the strongest evidence supporting the

INnteractions

interpretation that energy sources from SF within the galaxy discs drive the observed disc-halo

The specifics of the underlying mechanisms governing the disc-halo connection are complex and
widely debated. From an energetic perspective, several external sources have been proposed to

account for the origin of the eDIG.

However, in a recent study, Sardaneta et al. (2024) argue, based on a samr

highly inclined (i = 80), isolated galaxies, that the eDIG phenomenon is ur

ple of nearby
correlated with the galaxy

environment. Consequently, the primary energy sources driving the disc-halo interactions should
reside within the galaxy discs, as no other pervasive external energy sources are known that could
account for the observational data (Dahlem 1997). Therefore, the halo gas expelled or heated by these

energy sources must also originate from the discs.



CBA3b MeXxay MnockoCTblo 1 eDIG ranaktmkin

Several scenarios for the disc-halo interaction due to SF have

been proposed:

e the superbubble breakout model (e.g. Mac Low & McCray 1988)

e the galactic fountain model (Shapiro & Field 1976),
e the champagne model (Tenorio-Tagle 1979)

e the chimney model (Norman & lkeuchi 1989)

» the galactic wind model (Veilleux et al. 2005)

We exclude phenomena related to nuclear activity in galaxies or incoming gas from the IGM/CGM, and we focus on
those models in which ionising radiation originating from SF must not only escape the H ii regions but also traverse

the dense clouds of neutral hydrogen near the midplane.

In galaxies with intermediate SF levels, such as those in the eBETIS sample, disc-halo interactions occur only in

regions with high SFR.

Furthermore, the detection of extended eDIG in the halos of t

ne eBETIS sample inc

galaxies with modest SFR (Tables 1and 2) are capable of produ

icates that even low-mass

cing a pervasive laye

- of extraplanar diffuse ionised

emission. This finding contradicts previous assumptions that halos are a rare phenomenon among normal spirals
(Hummel et al. 1991), a bias likely caused by the insufficient sensitivity of earlier observations.



MexaHn3mbl noHM3aunm eDIG

The precise underlying physics explaining the large distance between the extraplanar gas
and ionising stars in the midplane, as well as the fine-tuned details of the ionisation
mechanism of the eDIG, remain a topic of ongoing debate.

Long-standing issues regarding the specifics of OB-star-driven ionisation remain prevalent

in the literature. A notable characteristic of the DIG that proves difficult to explain through
OB star photoionisation is its optical emission-line spectrum.

Nonetheless, certain observed optical emission line ratios are not explicable by pure
photoionisation from OB stars. The distinctive emission-line ratios observed in the eDIG,
namely [N ii]A6584/Ha, [S ii]A6717/Ha, [O iii]A5007/HB and [O i]A6300/Ha, are elevated
compared to those observed in H ii regions
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above and below the plane. Vertical dashed lines are the theoretical
ratios obtained from Eq. (1) at a constant 7, (6, 7, 8, and 9 in units
of 10° K). Solid lines represent the theoretical ratios from Equations (1)
and (2) for a fixed S*/S (0.25, 0.5, and 0.8, respectively). The circles
indicate the line ratios obtained by integrating the fluxes along the major
axis at a certain z. Stars, triangles, and squares indicate the line ratio at
a certain z for MAD =-2.5, 0, and 3 kpc, respectively.

Haffner et al. (1999) and Madsen et al. (2006) build
diagnostic diagrams to estimate both Te and S+/S
from observations of [N ii]/Ha and [S ii]/Ha

Figure 5 illustrates significant variations in Te and
S+/S with respect to the line of sight.

This provide more compelling evidence of the
intricate dynamical heating structure of the ISM
In the halo of late-type galaxies. A similar trend is
observed across the entire eBETIS sample

The general behaviour indicates a linear, constant
increment of Te with increasing distance from the
galactic plane.

eDIG tends towards a lower ionisation state (higher
S+/5~0.5-0.8) compared to classical H ii regions,
which would be situated in the lower-left corner of
these diagrams
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Fig. S. [N 1], 6s583/Ha vs. [S 1], 6717/Ha diagnostic diagram for IC1553.
Colours represent height with respect to the midplane, equally from
above and below the plane. Vertical dashed lines are the theoretical
ratios obtained from Eq. (1) at a constant 7, (6, 7, 8, and 9 in units
of 10° K). Solid lines represent the theoretical ratios from Equations (1)
and (2) for a fixed S*/S (0.25, 0.5, and 0.8, respectively). The circles
indicate the line ratios obtained by integrating the fluxes along the major
axis at a certain z. Stars, triangles, and squares indicate the line ratio at
a certain z for MAD =-2.5, 0, and 3 kpc, respectively.

The anomalous [N ii]J/Ha and [S ii]/Ha eDIG line
ratios can be attributed to an increase in the Te
temperature in the halo, resulting from
photoionisation with a low ionisation parameter g
(i.e. the ratio of ionising photon density to electron
density, which measures the diluteness of the
radiation field). But other eDIG line ratios, such as
[O iii)/HP and [O i]J/Ha, remain unexplained

What remains puzzling in this scenario is the
increase in Te with respect to |z|. The observed
temperature behaviour of the eDIG could be
attributed to the spectrum of the ionising radiation
being reprocessed as it traverses the ISM, an effect
known as radiation hardening.

But this model fails to explain an increasing

[O iii]/HP ratio at large distances from the galactic
plane. Therefore, the rise in the [O iii] ratio

with H-recombination lines with |z| needs an
additional source of heating and/or ionisation.




MexaHn3mbl noHM3aunm eDIG

[lanbwe 0oCTaTOYHO NOAPOOHO pacCKa3biBAaeTCA NPO rmnoTesy, rae BTOPUYHbIM MCTOYHUKOM MOHU3aL NN
apnatotca HOLMES, npo Bce nOoCTOMHCTBA 3TOW rmnoTesbl, HO:

Nevertheless, the behaviour of the line ratios shown reveals that the ionisation of the eDIG is highly
dependent on the distribution of H ii regions in the disc. The [N iil/Ha, [S ii]/Ha, and [O iii]/HB ratios attain
their highest values at the greatest distances from the midplane and in regions with lower >Ha. This
correlation between the ionisation structure of the eDIG and the H ii region distribution observed in this
study does not support a homogeneous distribution of HOLMES across the thick disc and lower halo.

This observation is incompatible with a smooth distribution of HOLMES throughout the thick disc and lower
halo. Under the HOLMES scenario, higher [O iii]/HP ratios would be expected in the vicinities of the thick
disc, along with a smooth distribution of characteristic high ionisation line ratios within the halos.
Furthermore, the few high [O iii]/HB ratio bins near the galactic planes of the galaxies are clearly associated
with SF regions within the discs. Then, the behaviour of the [N iil/Ha, [S ii]l/Ha, and [O iii]/HP ratios alone is

not sufficient evidence to conclusively support HOLMES as an ionisation source.
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[1anee nogpobHO paccKka3biBaeTCAa O rMnoTe3e, CBA3aHHOW C YAAPHbIMY BOMHAMU, X MPOUCXOXKOEHUN Ha OONbLLNX
BbICOTax W Mtocax AaHHOW rmnoTte3bl Ansa onucaHma eDIG 1, B yacTtHocTu, AnAa obbsacHeHnsa noBeneHumsa [O iii]l/HP

Interfaces between hot (10”6 K) and cooler(=10"4 K) gas are prevalent throughout the ISM at significant z
distances from the galaxies’ midplanes. The gas at intermediate temperatures of ~10"5 K at these interfaces
generates extreme ultraviolet (EUV) ionising radiation. The radiation of these hot-cool gas interfaces in the halo
may constitute a significant source of ionising radiation for distant clouds and regions where LyC ionising
radiation from OB stars in the midplane is eithershielded or absent.

Shocks induced in the ISM by feedbac
regions, have been proposed as a sign

Given that shock heating is significant

and shocks can be regarded as “thermal” heating sources of the ISM. Crucially, the observed rising trend in the
O iii]/HB emission line ratio with height can be expected as a mixing sequence between the predominant shock
ionisation in the halo and photoionisation in the disc. Shocks therefore emerge as the most promising secondary

ionisation mechanism for the eDIG.

< mechanisms, such as supersonic winds originating from high-level SF

ificant source of heating for the eDIG

only if the kinetic energy is efficiently thermalised, both photoionisation
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[1anee nogpobHO paccKka3biBaeTCAa O rMnoTe3e, CBA3aHHOW C YAAPHbIMY BOMHAMU, X MPOUCXOXKOEHUN Ha OONbLLNX
BbICOTax W Mtocax AaHHOW rmnoTte3bl Ansa onucaHma eDIG 1, B yacTtHocTu, AnAa obbsacHeHnsa noBeneHumsa [O iii]l/HP

Interfaces between hot (10”6 K) and cooler(=10"4 K) gas are prevalent throughout the ISM at significant z
distances from the galaxies’ midplanes. The gas at intermediate temperatures of ~10"5 K at these interfaces
generates extreme ultraviolet (EUV) ionising radiation. The radiation of these hot-cool gas interfaces in the halo
may constitute a significant source of ionising radiation for distant clouds and regions where LyC ionising
radiation from OB stars in the midplane is eithershielded or absent.

Shocks induced in the ISM by feedback mechanisms, such as supersonic winds originating from high-level SF
regions, have been proposed as a significant source of heating for the eDIG

CENChRuEIRield ¢ We note that|tidal interactions|and AGN jets can also produce SiSlleltiEEidlely

SUCEUMESRE  shock ionisation in the halos of galaxies, with similar effects as dis- [REASKIRIE
WEILIENIY  yssed in the text (e.g. Dopita & Sutherland 1995; Simpson et al. 2007; HiUEREle

SUIRCHELNURGE  Rich et al. 2011; Ho et al. 2016; Molina et al. 2018). ing secondary
jonisation mech




Hybrid SF and shock ionisation mechanism of the eDIG
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The top-panel of Figure 8 shows the observed
[S1I]16717/[STI] 16731 doublet ratio versus the [O1],4300/Ha
line ratio for various binned sections in the halo of IC1553 at
different galactocentric distances. The [S II] doublet is employed
to infer the electron gas density; this ratio diminishes as the
electron gas density increases, with a low-density limit of
dpproximdtely 1.5, comresponding to an electron density of

< 10ecm™? (Osterbrock & Ferland 2006). Most of the eDIG
reglons near the midplane of IC1553 exhibit [S1I] line ratios
close to this low-density hnnt accompamed by low [OI])/Ha
values, 1ndlcat1ve of E 5.0 - . However, for bins
from the midplane,

the [S1],6717/[S ] 16731 T¢ ecreases to values between
1.0 and 1.3, implying high electron densities in the range of

The most striking feature of this figure 1s that the regions
with low [SII] doublet ratios coincide with regions exhibiting
high [OI]/Ha values (>0.25), indicative of shock-compressed
1onised gas. Therefore, the low doublet [S IT] ratios, their implied

I and the fact that these regions exhibit higher
@ values are consistent with a scenario wherein gas emis-

sion originates from shocks, likely induced by feedback from
high-level SF regions within the galactic disc. In this scenario,
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the galactic disc. In this scenario, fast shocks can account

interface at the greatest distances from the midplane.

for the

increase in the [OI]/Ha ratio with distance from the midplane,
with the highest [OI]/Ha ratios corresponding to the shocked
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Hybrid SF and shock ionisation mechanism of the eDIG

Thus, we explore the combination of photoionisation from H ii regions and ionisation
due to fast shocks as simultaneous contributors to the ionisation mechanism of the
eDIG. This is achieved by constructing a set of hybrid models that incorporate both

star formation and fast shock mechanisms.

We firstly consider the photoilonisation models for low-
metallicity star-forming galaxies of Levesque et al. (2010). The
grids of this models predict the line ratios involved in the typical

BPT diagram (Baldwin et al. 1981) for a pure photoionisation
regime due to the star formation with 1onisation parameters (q)
ranging from 107 to 2 x 10® cm/s and metallicities (Z) from 0.001

to 0.04. Each model grid is computed for electron densities n, of

10, 10%, 10° and 10* cm™> | assuming either continuous star for-

mation or an instantaneous burst of star formation at O Myr.

On the other hand, we consider the fast shocks models of
Allen et al. (2008). This models predict the flux of the ionis-
ing radiation produced by a shock. The flux is dependent on
the shock velocity (f o v2). Therefore, if the shock veloc-
ity surpasses the velocity of the photoionisation front (in the
case of a low 1onisation parameter), the i1onising photons are
absorbed by the surrounding gas, altering its ionisation state.
In another scenario, if vy =~ 170km/s, the 1onisation front
velocity now exceed the velocity of the shock, pre-ionising
the surrounding gas and changing the optical emission lines
observed (McKee & Hollenbach 1980) The fast shocks models

. enarios, with preshock
, $hock velocities from

/nl/z) from 10~ —4 fo



Hybrid SF and shock ionisation mechanism of the eDIG

Thus, we explore the combination of photoionisation from H ii regions and ionisation
due to fast shocks as simultaneous contributors to the ionisation mechanism of the
eDIG. This is achieved by constructing a set of hybrid models that incorporate both
star formation and fast shock mechanisms.

Our hybrid models are constructed as follows: we consider
both shock models, with and without assuming pre-ionisation.
Then, for each shock model, we assume that the predicted flux
corresponding to shock wind velocity of 200, 400, 500 and
1000 km/s and magnetic field of 10~*, 1.0, 5.0 and 10 uG cm’/?

contributes only a fraction fghock € [0, 1] of the total observed
1onising flux. The remaining fraction 1— fg,ocx corresponds to the
flux predicted by a grid model with a certain 1onisation parame-
ter and metallicity from Levesque et al. (2010).
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Fig. 7. BPT for all eDIG bins of IC1553, with the colours coding the vertical distance (both above and below) from the midplane. The plotted
hybrid models correspond to 40% of the flux due to fast shocks with preionisation (curves lines) and with front shock only (blue curves), and
60% of the flux due to star formation with Z=7Z, and g = 10’ cm/s. Solid curves correspond to the shock winds from 200 to 1000 km/s, and

dashed curves represent magnetic field intensitics from 0.0001 to 10 uG cm?'?. The Kopsacheili et al. (2020) and Kewley et al. (2001) lines are
also plotted, as in Figure 6.
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- Shock + precursor
- Kewley 2001
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Hybrid SF and shock ionisation mechanism of the eDIG

log([OTIT]/HP)

- Shock + precursor
- Kewley 2001
-=-= Kopsacheili 2020

For 1nstance Flgure 7 shows the BPT diagram for all the
eDIG bins for IC15535. The models plotted represent the pre-
dicted fluxes for a combination of fast shocks with reionisation
2700 —075 —o0s0 —oas o (black curve lines) and with front shock only (blue curve lines)

log(INII]/Hal Weighted with fshock = 0.4, plus a photoionisation model corre- [()I]/Ha)
spondent to Z=7, and ¢ = 10’ cm/s, for instantaneous burst

Fig. 7. BPT for all eDIG bins of IC155] ¢ OMyr and n, = 100cm™. Thuq the ﬁuxe% predlcted for m the midplane. The plotted
hybrid models correspond to 40% of thtruxux Tohe=s . T 1ock only (blue curves), and

60% of the flux due to star formation with Z =7, and qg = 107 cmy/s. Solld curves correqpond to the shock wmdq from 200 to 1000 km/s, and

dashed curves represent magnetic field intensitics from 0.0001 to 10 uG cm?'?. The Kopsacheili et al. (2020) and Kewley et al. (2001) lines are
also plotted, as in Figure 6.
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Fig. 7. BPT for all eDIG bins of TCT5353, with the colours coding the veriical distance (bolh above and below) Irom the midplane. The plotted
hybrid models correspond to 40% of the flux due to fast shocks with preionisation (curves lines) and with front shock only (blue curves), and
60% of the flux due to star formation with Z=7Z, and g = 10’ cm/s. Solid curves correspond to the shock winds from 200 to 1000 km/s, and

dashed curves represent magnetic field intensitics from 0.0001 to 10 uG cm?'?. The Kopsacheili et al. (2020) and Kewley et al. (2001) lines are
also plotted, as in Figure 6.
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Fig. 10. IC1553 BPT with hybrid models, similar (o Figure 7. Top: eDIG bins corresponding Lo the biconical structure seen in the [N 1I}/He map,
within —0.5 kpc <« MAD < 0.5kpc. The hybrid models that best fit the data correspond to 40% shocks and 60% SF with Z = Z; and ¢ = 107 cm/s.
Bottom: eDIG bins corresponding (o the high-SF [eature on the southern edge of the disc, within 2.5 kpc < MAD < 3.5 kpc. The hybrid models
that best fit the data correspond o 20% shocks and 80% SF with Z = Z,, and g = 107 cm/s.

The contribution of fast shocks can vary significantly across
different regions of the halo, with variations reaching up to 20%

within the same galaxy. This variability arises from the distinct
properties, physical processes, and structures inherent to each
galaxy that affect the i1onisation of the extraplanar gas. These
structures include filaments, knots, extraplanar HII regions, and
nearby neighbouring galaxies. Nonetheless, the distribution of
H 11 regions within the disc consistently exerts a substantial influ-
ence on the 1onisation of the halo gas.
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Fig. B. [OT1]/Hx vs. line ratios. Top: Electron-density-sensitive
[SII],6717/[ST] 16721 line ratio vs. shocks-proxy [OI]:eic0/Ha line
ratio for TC1553. The dashed horizontal line represents the theoret-
ical low-density limit for the [SH| doublet, corresponding to 1.469
(Osterbrock & Ferland 2006). Colours and symbols are the same
as in Figurc 5. Bottom: |O10)/HB vs. |O1)/Ha diagnostic diagram
for the bins of IC1553 at the minor axis, centred in the biconi-
cal structure seen in the [N IT]/Ha map (triangles) and in the region
within 2.5 <MAD <4.5kpc (squarcs), coincident with the high-level
SF region visible in the disc of the galaxy. Curves represent the hybrid
model for 40% shocks (without precursor) and 60% star formation with
Z=7-and g = 10’ cm/s.

The top-panel of Figure 8 shows the observed
[S1T],16717/[STT] 16731 doublet ratio versus the [OT1],4300/Ha
line ratio for various binned sections in the halo of IC1553 at
different galactocentric distances. The [S II] doublet is employed
to infer the electron gas density; this ratio diminishes as the
electron gas density increases, with a low-density limit of
approximately 1.5, comresponding to an electron density of

< 10cm™? (Osterbrock & Ferland 2006). Most of the eDIG
reglons near the midplane of IC1553 exhibit [S1I] line ratios
close to this low-density hmlt accompamed by low [OI])/Ha
values, indicative of E colon_€ on. However, for bins
corresponding to a from the midplane,
the [STII],6717/[ST] 16731 Tatl0 decreases to values between
1.0 and 1.3, implying high electron densities in the range of

~ 200-800cm
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the presence of shock excitation. Consequently, a model inrpo-
rating star-forming 1onisation with shock ionisation as an addi-
tional heating source offers the most satistfactory explanation for

the relatively high [O1]/Ha and [O 1II]/HB ratios observed in the
lowest surface brightness regions as a function of distance from

the midplane in edge-on star-forming galaxies.




