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Outline

Observational constraints on stellar feedback in ISM

1) Emission line profiles in nearby dwarf galaxies;
SIGMA-FPI database

3) Future perspectives
2) Efficiency of mechanical stellar feedback (SDSS-V/LVM,

(PHANGS: MUSE+HST+JWST observations) MUSE mapping of large
nearby galaxies etc.)
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Stellar feedback and baryon cycle

Feedback from massive stars is a major regulator of a
baryon cycle and evolution of galaxies
Via radiative, chemical, mechanical channels it:

¢ Destroys/ionizes molecular clouds and dust

e Fnriches the ISM and IGM with metals
Baryon Cycle

: e Shapes the ISM (shells/bubbles/outflows
in the ISM P ( )

¢ Produces turbulence in the ISM
e Triggers star formation
e Supplies the DIG emission

e ... Reionized the Universe

We need to understand how stellar feedback works at all scales in order
to reproduce realistic galaxies in simulations (e.g. Hopkins et al. 2014)

Oleg Egorov — 14th SCSLSA — 22/06/2023 3

Image credit: F.Santoro



NGC 7635 (“Bubble” Nebula)
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Massive stars in the ISM

® Massive (M>8Mg,,) stars inject mechanical energy and momentum into ISM through all
their evolutionary stages via stellar wind (especially in the WR phase) and supernovae
explosions

® Multiple bubbles around massive stars, up to tens of pc, but depends on the environment

B S,me.s 147 (“'S'pagh;eﬂtti”Ne,.b_ula) >

Afanasiev et al. (2000), Lozinskaya et al. (2001)



Stellar feedback shapes the ISM of the galaxies

%{! The HI Nearby Galaxy Survey (THINGS) (ﬂ)

: | = THINGS: About 1000 HI holes with sizes of |

F. Walter, E. Brinks, E. de Blok, F. Bigiel, M. Thornley, R. Kennicutt | 80-2600 pc (Bagetakos et al. 2011)

: X5 > LITTLE THINGS: 308 HI holes with sizes of 38 - |
| 2300 pe in dwarf galaxies (Pokhrel et al. 2020) |
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Stellar feedback shapes the ISM of the galaxies
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i 10kpc

Watkins et al +OE (2023)
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Stellar feedback shapes the ISM of the galaxies
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' 80-2600 pc (Bagetakos et al. 2011) ,

| = LITTLE THINGS: 308 HI holes with sizes of 38 — |
I 2300 pc in dwarf galaxies (Pokhrel et al. 2020)

| > PHANGS-JWST: 1694 superbubbles in the |
| galaxy NGC 628 (Watkins etal, 2023)
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Evolution of the superbubbles in the ISM
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 Qualitatively, the evolution of superbubbles is well described by the classical
Weaver et al. (1977) model

« However, it doesn’t agree well with observations quantitatively

* Only a small fraction of injected energy should retain in superbubble to
support its expansion (Sharma+2014; Krause&Diehl 2014; Vasiliev+2015;
Yadav+2017)

e Different models predict 1-40% efticiency of mechanical feedback driving the
superbubbles expansion (depending on the density, clustering of SNe, age
of the clusters, resolution of the simulations)



Evolution of the superbubbles in the ISM
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Evolution of the superbubbles in the ISM
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 Qualitatively, the evolution of superbubbles is well described by the classical
Weaver et al. (1977) model

« However, it doesn’t agree well with observations quantitatively

» Only a small fraction of injected energy should retain in superbubble to
support its expansion (Sharma+2014; Krause&Diehl 2014, Vasiliev+2015;
Yadav+2017)

e Different models predict 1-40% efficiency of mechanical feedback driving the
superbubbles expansion or ISM turbulence (depending on the density,
clustering of SNe, age of the clusters, resolution of the simulations)
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Goal: establish the link between massive stars and ISM from observations
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Spectral line shapes in star-formlng regions
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From line separation and/or velocity
dispersion => velocities of the bubbles
and gas turbulent motions => constraints
on the energetics of the ionized ISM




I-sigma diagram: diagnostics for the supersonic gas motions
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I-sigma diagram: diagnostics for the supersonic gas motions

0} 120-' BOO-_Illll | | |
(b) 250 |
c
Compact envelopes 9
(SNR, LBV, WR) ’ ; & 200
2 3
O 9 3
U) 8 . ¥
—— o 150 i 7
© - -
> <
el
O
@) 100_
Log | ©
> D _
© £ ' 50 ¢
Munoz-Tunon+ (1996) - X Wi
: . jons
Moiseev & Lozinskaya (2012) o, e W eglPt .
-17.0 -16.5 -16.0 -155 —-150 —14.5 S0 100 150 200 250
Ax, arcsec
Log (Flux)

Moiseev & Lozinskaya (2012)
see also Egorov+(2017, 2018, 2021); Bresolin+(2020); Yarovova+OE (2023)

Around 200 expanding superbubble candidates were detected in the nearby (D < 5 Mpc) dwart galaxies (Egorov+ in prep),
which is almost an order of magnitude more than based on the visual morphological classitication (Karachentsev et al. 2020)
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|-sigma diagram: gas accretion and stellar feedback in DDO53
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SIGMA-FP]

& Supersonic lonized Gas Motions Analysis with Fabry-Perot

Currently in archive: 83 galaxies
Interferometer

(+7 galaxies with D>45 Mpc)
¢ Archive of the reduced FPI data cubes obtained with the 6-m telescope

BTA and the results of their analysis:
Distribution of the flux in Halpha line ([Olll], [SII] in few cases)
Maps of the line-of-sight velocity & velocity dispersion

Tilted-rings models of velocity fields and the residuals (for limited sample)

Maps of asymmetries of the emission line profiles

O AL RO SRR

l-sigma diagrams and catalogue of the superbubble candidates

¢ http: //S|gma sai.msu.ru (par’ually released)

SIGMA-FPI Supersonic lonized Gas Motions Analysis with Fabry-Perot Interferometer Abou ailable data Inter

Welcome to the SIGMA-FPI archive!

We provide the data of integral-field spectroscopy of nearby dwarf galaxies performed with high-resolution scanning Fabry-Perot interferometer. The observations were carrie
out at the 6-m telescope BTA of SAO RAS with SCORPIO and SCORPIO-2 focal reducers starting from 2001.

20 30
Distance, Mpc

* The reduced data cubes and maps obtained d ring the data analysis are available for download at the "Data" page
e These data mi gh t be I explored in vely at the "Interactive" page.
* To get more informa about SIGM rchive please visit the "About" page.

Latest News Published papers

Star formation complexes in the "galaxy-sized" supergiant shell
of the galaxy Holmberg |

Egorov OV., Lozinskaya T.A., Moiseev A.V., Smirnov-Pinchukov G.V.
s Presented analysis of star formation regions in the

. galaxy Holmberg | (DDO 63, UGC 5139) based on FPI
and long-slit spectral observations.

Almost here! Stay tuned! 1 <t * Published: August 2018

SIGMA-FPI website is almost ready for launching, however a lot of work still have
to be done.
Published: 17 June 2021

Egorov et al. (in prep)


http://sigma.sai.msu.ru

PHANGS: Physics at High Angular resolution in Nearby GalaxieS

z0mgs, local galaxies (D< 50 Mpc) o
1.59 () PHANGS MUSE, 19 galaxies
e PHANGS ALMA, 90 galaxies
PHANGS HST, 38 galaxies A

log(SFR/M o yr—1)

_15 -
—-2.0 T T . .
9.5 10.0 10.5 11.0
log(M, /Mg )
Detalls In:
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PHANGS-ALMA: 90
(PI Eva Schinnerer)
“Clouds”

PHANGS-HST: 38
(PI Janice Lee)
“Clusters and Associations”

PHANGS-MUSE: 19
(PI Eva Schinnerer)
“Stars and HII Regions”

also:
v Halpha images
v HI 21 cm

v AstroSat (UV)

Diagram by F. Santro & K. Kreckel

Lee et al. (2023)
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PHANGS: Physics at High Angular resolution in Nearby GalaxieS
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also:

v Halpha images
v HI 21 cm

v AstroSat (UV)
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PHANGS-MUSE

19 spiral galaxies covered up to ~2R

Distance: 5.2 - 19.6 Mpc
Log(M*/M.,.): 9.4 - 11

Spatial resolution: ~50 pc
Spectral range: 4750 - 9350 A

Spectral resolution: ~2.5A
(0~48 km/s in Ha line) 7

e

un

y,

| Data Products:

Emsellem et al. (2022): DR1 - data cubes; |

maps in emission lines and stellar population]|

Groves et al. (2023): Catalogue of ~30 000 |
k HIl regions and their properties

|

Credit: ESO/PHANGS
Continuum in blue and white, [OIll}/[SIl][/Ha composite in gold
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PHANGS-HST

38 spiral galaxies including all PHANGS-MUSE
Bands: NUV-U-B-V-I (WFC3 or ACS)
Distance: 4 — 23 Mpc

Log(M*/M,,): 9.4 — 11

Angular resolution: ~0.08”

Data Products:

Lee et al. (2022): DR1 - Multi-color images
Anand et al. (2021). TRGB distances
'« Whitmore et al. (2021); Thilker et al. (2022):
- Compact star clusters *
Larson et al. (2023). multi-scale stellar

| associlations

~100 000 star clusters, associations

Oleg Egorov — 14th SCSLSA — 22/06/2023 21



PHANGS-JWST

JWST imaging with MIRI and NIRCAM, Treasury programs
GO-2107, Pl: Janice Lee (Cycle 1)
GO-3707, Pl: Adam Leroy (Cycle 2)

19 spiral galaxies, all from PHANGS-
MUSE sample

Bands: F200W, F300M, F335M,
F360M,
F770W, F1000W, F1130W, F2100W

Distance: 5.2 — 19.6 Mpc
Log(M*/M,,): 9.4 — 11
Angqgular resolution: 0.25-0.677 in
MIRI bands

Data Products:

Lee et al. (2023): Description of the
survey, data reduction etc.

L55 galaxies are expected in Cycle o Credit: NASA/ESA,CSA; PHANGS, J. Schmidt & Lee et al. (2023)

—_— - _—— _ —— — — — — — ———— ——— ——
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DEC (J2000)

|-sigma diagrams for PHANGS-MUSE galaxies

Not analysed Low Z( Ha) / DIG Class 1: Unperturbed o Class 2: Intermediate o Class 3: Elevated o Top o (+SNRNVR candidates)

NGC4254 i . 140 —— Flux-weighted mean o(Ha)nm
14°27" - ---- Std. deviation xAo(Ha)m,
120 -
26" - 100 -
80 -
25' 60 -
40 -
24" - 20 1
- .-_c::- ..';’.i;“.:g C
12h18m57°  54° 51° 48° 45° 12M18M57°  54° 51° 48° 45% -17.0 —=16.5 —=16.0 —=15.5 —=15.0 —14.5 —14.0 —13.5
RA (J2000) RA ()2000) log (I[Ha]), erg s~ cm~2 arcsec™?
3 Exclude bars, centers, and the regions affected by AGNs
N - ) ) : T L . - . .
Evin = Evyp = 5Mion(g-(HQ;) — O'(Ha’)m) Typical velocity dispersion in the identified regions > 50 km/s, that exceeds MUSE resolution
Use astrodendro on the classification map to select the regions of elevated velocity dispersion
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® 1484 regions of high-velocity dispersion in
19 PHANGS-MUSE galaxies (30-130 per

galaxy)

® 511 regions are linked with at least one
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young stellar association
® /3% of the regions that are not linked with
stellar associations are probable SNRs

(based on optical emission lines ratios)

With clusters; [SlI]/Ha < 0.4
With clusters; [SII]/Ha > 0.4
No clusters; [Sll]/Ha < 0.4
No clusters; [SII]/Ha > 0.4
No HST data
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Compact SheIIs
(572) (171)

Egorov et al. (2023, submitted)



Diagnostics of the gas ionization state

® Most of the turbulent regions/
superbubbles that are not linked
with any star clusters show lines
flux ratios characteristic for
shock excitation

® Qverall, position of the
identified regions on BPT
diagrams is consistent with BPT-

Slg ma trends (Oparin & Moiseev 2018;
D’Augostino et al. 2019; Law et al. 2021)
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Quantifying mechanical energy input from stars

Starburst99 (Leitherer et al. (1999, 2014)
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Boquien et al. (2019)

—— Z=0.15Z,, M=10*M,

—— Z=0.15Z,, M=10°M,

. .. . . ' —— Z=Z,,M=10"Mg

® Characteristic turbulence dissipation timescale ~10Myr — 7=7,,M=10M,
1050

] tal. (2022) (Ostriker et al. 2001, Agertz et al. 2013) 0 2 ; éA |\?| S —
arson et al. o | o s
® Calculate contribution from stellar winds and SNe from

all star clusters in the region during the last 10 Myr
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Stellar feedback is a key driver of the small-scale supersonic motions
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Young star clusters & associations: p = 0.63
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Mass (young stars), M4
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Strong correlation with the mass of the
young star clusters and associations =>
feedback from massive stars is crucial
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Only a weak correlation with the overall
stellar surtace density => gravitational
potential is less important
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Energy balance between turbulent ionized ISM and massive stars

Supernovae + winds: p = 0.60

: 0.50 Only the best candidates for superbubbles
] -——- n=100%
10°°> 4 n=30% - 0.45 35 --- n=0.25, Sharma et al. (2014)
----- — 0
n=>5% [1 This paper
— I 30 -
S o5 0.40 :
gm 2
S 0.35 5 22" |
o 1053 s 9 ’
O 0.30 = « 20 |
: z 9 :
o -
LI ; - 1s- |
o 1077 3 °® 0.25 = :
- ® - :
S Z 10- I
Ly 0.20 I
1051 . i
% 5 -
S0 et 0.15 |
/7 o* o
10°0 - /// | 0 : —_— —_—— : —_ : —_— ,.,..I.
: ot '/'"'I ‘.' LI ""l’. UL L | UL LR | UL L | oo rrrrrn L 010 10—2 10_1 100 101
49 50 51 52 53 54 55
10 10 10 10 10 10 10 N = Exin(gas)/Emech(stars)

Emech (stars), erg

Our observational estimates show that 10-20% of the total mechanical energy injected by stars should retain in
the superbubbles or turbulent ISM surrounding the stars.
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Pre-supernova feedback is crucial component
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Supernovae + winds: p = 0.60
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Supernovae alone: p = 0.38
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Emech (stars), erg

Supernovae alone do not produce sufficient mechanical energy to support the
turbulent motions or superbubbles expansions for ~50% regions in our sample.
Accounting for pre-SN feedback is crucial
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Pre-supernova feedback is crucial component

Supernovae + winds: p = 0.60 Supernovae alone: p = 0.38
] 0.50 ) 0.7
| ==- n=100% | === n=100%
1055 4 n = 30% L 0.45 1055 { n=30%
..... r) = 5% ] FeEEE f] —_— 50/
_ . i - 0.6
< - 0.40 =
— Q — Q
< 0.35 = 0.5
53 |
O 1053 - 3 210
v ° 030= ¢
2 wn Py
% 10> - N "R © 10~ - 0.4
~ © ® Stellar feedback is a dominant driver of the turbulent motions or |
n - ¢ expansion of superbubbles of ionized gas in ~1500 identified
1 E : : : : : 0.3
/, regions of high velocity dispersion.
: RASNCEE ® 10-20% of the total mechanical energy input from stars is
’ 0’. . .
10> o converted to the kinetic energy of the gas. e 05
10 10% 1051 1052 ® Pre-SN feedback contribution is important for establishingthe *  10¥°  10°*  10®

Emech (stars energy balance between gas and massive stars. tars), erg

Supernovae alone do not produce sufficient mechanical energy to support the
turbulent motions or superbubbles expansions for ~50% regions in our sample.
Accounting for pre-SN feedback is crucial
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Energy of the turbulent ionized gas at different metallicities

® Based on PHANGS-MUSE observations, the

energy of ionized gas in the regions of high
velocity dispersion declines with metallicity

® FPl-based measurements made for ~15
ionized superbubbles from 2 nearby metal-
poor (Z<0.1Zsun) dwart galaxies follow the

same trend:

DDOS53 (Egorov et al. 2021)

Sextans A (Gerasimov, O

= et al. 2022)

® Need more homogeneous data at low

metallicity.
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Stellar winds and SNe at low metallicity

——- Galaxy L S A '
6 ——- LMC " 119 SNe II Lo
— - (N2 12+log[0/H])= 8.49 déx i
SMC 30.0 | . : -
95 SNe II |
(O3N2 12+log[0/H])= 841'dex:
N I I
T =7~ % e
0 O 20.0 - | I -
= : ; |
P | |
o —-8- . y:l,/= - : 1
m 7 = : :
‘,!"./ 10.0 |- 1 _
e - |
' ! | ! ! | ! ! 00 80 82z 8I:4I o ale 8.8
_]..4: _1.2 _]..O _O 8 _O 6 _0.4: _0.2 0.0 N2/03N2 host HII reglon
Bisrklund et al. (2021) Iog(106L ) 12+1og[0/H] (dex)
O
Stoll et al. (2013), Anderson et al. (2016):
Vink et al. (2001, 2021): stellar wind is a smaller number of SNe Il in a low-
weaker in a low-meta |iCity environment metallicity environment

The absolute effect of mechanical stellar feedback should decline with the metallicity
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IFU studies of stellar feedback at low metallicity
Signatures of strong pre-SN feedback at very low metallicity (Z~0.05 Zsun)

lonized gas kinematics in Sextans A:

® 10 expanding young (~1-3 Myr)
superbubbles in Sextans A.

® For most of them, pre-SN
teedback alone can produce
sufficient energy to drive their

expansion, although signatures of
SNe are observed

H-alpha velocity dispersion

™
P,
NERNE

~
Y &
.

Garcia et al. (2019):

Most metal-poor stars in the Local Group Gerasimov, OE et al. (2022)
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IFU studies of stellar feedback at low metallicity

&
t : -37.700°
’ L
& & o e | [DCL88]118
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~ : : "a \\ - ‘ ;5'. P
- relli e
~ " : 4.3
0.35" (~200 pc)
37.730°
N
13.780° 13.770° 13.760° 13.750°
RA (J2000)
McLeod+ (2020) Della Bruna+ (2020, 2022)

See also Lopez+2014, Ramachandran+2019
In Hil regions, the contribution of different pressure terms is different in SMC, LMC and MW.
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MUSE observations of dwarfs from LEGUS

1.6 e MUSE program «Quantifying
® Oursample

L4l X SMC,LMC (Ramachandran+ 2019) ° feedbaCk from young star clusters
® Archival MUSE + HST (with HST-Ha) in low-mass galaxies» (Pl: Egorov)

MZ-relation from Berg+ (2012)

-
(g
L

® 6 dwarf galaxies with metallicity
/<~Zsymc with available HST
broadband images and star

cluster catalogues from LEGUS
(Cook et al. 2022)

-
o
2

Metallicity, Z/Z 5
o -
(o)) oo

o
&

o
N

e HST-Ha images are available for
o precise constraints of the sizes of
0.0+ {

70 75 80 85 90 95 100 105 110 the reglions
Stellar mass, log(M+«/M g )
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1.6 1
® Oursample
14 X SMC, LMC (Ramachandran+ 2019)
® Archival MUSE + HST (with HST-Ha)
19 — MZ-relation from Berg+ (2012)
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MUSE observations of dwarfs from LEGUS

«Quantitying
young star clusters
axies» (Pl: Egorov)

ailable HST
1ges and star
Jes from LEGUS
'2)

are available for
ints of the sizes of



servations of dwarfs from LEGUS

«Quantitying
young star clusters
axies» (Pl: Egorov)

handran+ 2019)
1ST (with H5T-Ha)
lerg+ (2012)

A s with metallicity
ailable HST
1ges and star

Jes from LEGUS
'2)

are available for
ints of the sizes of

T 1 1 r . | :
7.5 8.0 8.5 9.0 9.5 1000 lunn T11v I e LR
Stellar mass, log(M+«/M g )
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NGC 253

100 MUSE pointi
POIENSS Jasuyron
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See also M83 (Adamo et al.); NGC 300 (McLeod et al.) Congiu et al. (in prep)



LocAL VOLUME MAPPER

Resolving the Physics Driving Galaxy Formation

r
SUrveys (PHANGS)

A ErraTrn—

best IFU data

16cm telescopes @ LCO

3 DESI spectrographs:

3600 - 9800 A at R~4000

1800 x 35” fibers

~2-6x10-18 erg/s/cm2/arcsec2/A

.....

Project head: N. Drory, Instrument lead: N. Konidaris G
Survey scientists: K. Kreckel, G. Blanc i '
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&\ spss.-v LocAL VOLUME MAPPER

Resolving the Physics Driving Galaxy Formation

N44 in LMC (Halpha, MCELSs) Simulated LVM 900s exposure in Halpha

-67°50' -67°50

99 99’

DEC (J2000)

-68°00' -68°00'

5'04™ 23" 2™ 21" 5'04™ 23" 22" 21"
RA (J2000) RA (J2000)

Produced with LVM data simulator

https://github.com/sdss/lvmdatasimulator (Egorov, Congiu et al., in prep)
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@i SDSS-V

LocAL VOLUME MAPPER

Resolving the Physics Driving Galaxy Formation

Simulated LVM 900s exposure in Halpha
N44 in LMC (Halpha, MCELSs) (if this region would be in MW)
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RA (J2000) RA (J2000)

Produced with LVM data simulator

https://github.com/sdss/lvmdatasimulator (Egorov, Congiu et al., in prep)
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1) Energy balance between massive stars

and small-scale supersonic motions of
ionized gas in the ISM of 19 PHANGS
galaxies with the efficiency of 10-20%

Acounting for pre-SN feedback impact is crucial

Supernovae + winds: p = 0.60

Summary

2) Kinetic energy of the turbulent

ionized gas and superbubbles
declines in the low-metallicity

environment

Nevertheless, the feedback-driven

lonized gas motions are observed even

In very metal-poor galaxies

3) Resolved ionized gas kinematics
Is crucial to understand how stellar
feedback shapes ISM of galaxies

Check out our SIGMA-FPI database

SIGMA-FPI Supersonic lonized Gas Motions Analysis with Fabry-Perot Interferometer

Welcome to the SIGMA-FPI archive!
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