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Who is who: DIG/eDIG/WIM

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

Электронная температура ~ 104 К, на несколько тыс К выше областей H II, увеличивается с 
расстоянием от диска 

Электронная плотность ~ 0.01 - 0.1 см−3, уменьшается с расстоянием от диска 

Для DIG свойственно увеличение отношений линий [N II]/Hα, [S II]/Hα, [O III]/Hβ, [O I]/Hα  
с увеличением расстояния от диска галактики 

В MW: составляет 20% объема ISM и 90% массы ионизованного водорода 

eDIG играет важнейшую роль в процессах обмена газом, металлами и энергией между диском 
и гало дисковых галактик, влияя на их эволюцию 

✔

✔

✔

✔

✔

✔
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•Отсутствие детального исследования структуры eDIG с высоким разрешением для какой-л. выборки 
галактик 

•Механизмы для вброса и поддержания присутствия газа на больших высотах (идея о внешних 
источниках провалилась, т.к. поведение DIG не скореллировано с возможными источниками извне) — ?  

•Механизмы, способные обеспечить наблюдаемую степень ионизации газа — ? 

•Необходимость учитывать HOLMES (hot low mass evolved stars), помимо OB-звезд — ? 

•HOLMES обладают меньшими ионизирующими светимостями, чем OB-звезды, но их число 
намного больше, тем более на больших высотах над плоскостью (т.к. OB-звезды сосредоточены в 
диске, а HOLMES распределены более равномерно по толстому диску и звездному гало)

Проблемы DIG



BETIS project 
eBETIS sample
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Исследования DIG и eDIG: ‘’Bidimensional Exploration of the warm-Temperature Ionised gaS (BETIS) II. 

Revisiting the ionisation mechanism of the extraplanar diffuse ionised gas’’, González-Díaz et al. 2024,  

https://doi.org/10.1051/0004-6361/202451240

2D-анализ eDIG c высоким разрешением (FWHM < 200 пк) с помощью выборки 8 edge-on (i > 75°) 
галактик MUSE (z < 0.01) с низкими SFR и высокими sSFR совместно с моделями фотоионизации и 
ударной ионизации, ассоциированных со звездообразованием 

Главный источник ионизации eDIG — утечка фотонов из OB-ассоциаций 

Исключают HOLMES из возможных кандидатов на дополнительный источник ионизации eDIG 

Дополнительный источник ионизации eDIG — ударные волны как фидбек звездообразования 

☆

☆

☆

✔

https://doi.org/10.1051/0004-6361/202451240


IC217 ESO544-27 PGC30591 PGC28308 

IC1553 ESO157-49 ESO469-15 ESO443-21 

Legacy Surveys DR9, DR10 (масштаб не сохранен)
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Данные и методы
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При таком методе 
определения SFR странно 
делать вывод, что галактики 
имеют низкий SFR в 
абсолютном смысле

Данные и методы
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Данные и методы

No AGNs!

При таком методе определения SFR 
странно делать вывод, что галактики 

имеют низкий SFR в абсолютном смысле
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Сложная структура DIG в Ha
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Сложная структура DIG в 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.

Other structures can 
be observed, for 
instance, in 
ESO443-21, which 
features a thick knot-
shaped filament 
around the galactic 
centre that reaches a 
distance of∼4.5 kpc 
from the midplane.



IC217 ESO544-27 PGC30591 PGC28308 

IC1553 ESO157-49 ESO469-15 ESO443-21 

Legacy Surveys DR9, DR10 (масштаб не сохранен)



IC1553













This behaviour 
in the line ratio 
distributions is 
consistent in all 
the galaxies, as 
shown in the 
appendices 
from A to H



Связь между плоскостью и eDIG галактики
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 
interpretation that energy sources from SF within the galaxy discs drive the observed disc-halo 
interactions 

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 sample of nearby 
highly inclined (i ≥ 80), isolated galaxies, that the eDIG phenomenon is uncorrelated 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.

?



Связь между плоскостью и eDIG галактики
Several scenarios for the disc-halo interaction due to SF have been proposed: 
•the superbubble breakout model (e.g. Mac Low & McCray 1988) 
•the galactic fountain model (Shapiro & Field 1976), 
•the champagne model (Tenorio-Tagle 1979) 
•the chimney model (Norman & Ikeuchi 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 the eBETIS sample indicates that even low-mass 
galaxies with modest SFR (Tables 1and 2) are capable of producing a pervasive layer of extraplanar di!use 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 insu"cient sensitivity of earlier observations.



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 di"cult 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]λ6584/Hα, [S ii]λ6717/Hα, [O iii]λ5007/Hβ and [O i]λ6300/Hα, are elevated 
compared to those observed in H ii regions

Механизмы ионизации eDIG



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

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+/S∼0.5−0.8) compared to classical H ii regions, 
which would be situated in the lower-left corner of 
these diagrams



The anomalous [N ii]/Hα and [S ii]/Hα eDIG line 
ratios can be attributed to an increase in the Te 
temperature in the halo, resulting from 
photoionisation with a low ionisation parameter q 
(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]/Hβ and [O i]/Hα, 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]/Hβ 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.



Механизмы ионизации eDIG
Дальше достаточно подробно рассказывается про гипотезу, где вторичным источником ионизации 
являются HOLMES, про все достоинства этой гипотезы, но: 

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 ii]/Hα, [S ii]/Hα, and [O iii]/Hβ ratios attain 
their highest values at the greatest distances from the midplane and in regions with lower ΣHα. 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]/Hβ 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]/Hβ ratio bins near the galactic planes of the galaxies are clearly associated 
with SF regions within the discs. Then, the behaviour of the [N ii]/Hα, [S ii]/Hα, and [O iii]/Hβ ratios alone is 
not su"cient evidence to conclusively support HOLMES as an ionisation source. 



Механизмы ионизации eDIG
Далее подробно рассказывается о гипотезе, связанной с ударными волнами, их происхождении на больших 
высотах и плюсах данной гипотезы для описания eDIG и, в частности, для объяснения поведения [O iii]/Hβ 

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 

Given that shock heating is significant only if the kinetic energy is e"ciently thermalised, both photoionisation 
and shocks can be regarded as “thermal” heating sources of the ISM. Crucially, the observed rising trend in the  
[O iii]/Hβ 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. 
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Hybrid SF and shock ionisation mechanism of the eDIG
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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.



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.



Hybrid SF and shock ionisation mechanism of the eDIG



Hybrid SF and shock ionisation mechanism of the eDIG



Hybrid SF and shock ionisation mechanism of the eDIG



Hybrid SF and shock ionisation mechanism of the eDIG





Hybrid SF and shock ionisation mechanism of the eDIG




