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ObLweHapoaHble cobbITUS:

HoBoe pykoBoacTBo — 3(!) KEeHLUHb

3akoH Xabbra nepenmeHoBaH B 3aKOH
Xabbna-JlemeTpa

Cnenywowas 'eHAccambnes (2021) — B
HOxxHOWM Kopee

BbibpaHo mecto ansa NeHAccambrien 2024
roga — ato KenntayH (HOAP)

B 2019 roay — 100-netne MAC; paH ctapt
npasgHecTBaM.



Hay4Hble COObITUA:

Cumnosnymel MAC Ne343-349.

15 «POoKyCc-MUTHUHIOB» - 00 3 AHEW. 3aceaHun,
MPaKTUYECKN 3TO CUMIMO3NYMBI.

9 aByxXgHEBHbLIX CODpaHMn nogpasaeneHnn.

[TpurnalweHHble NreHapHbIE NMEKUMUN — Npo rpas.
BOSHbI, «ranaktukn B 3D» (JInza Ketonu) n
dopMUpoOBaHUE MIAHET,; elle ABe CMEXHble
nekumu rno nosoAdy BTOPOU 3aMKHYTOW OpOnThI
3Be3abl S2 B LieHTpe [[anakTuku.



DOKYyC-MUTUHT «YTIOBON MOMEHT
ranakTuk»

* B ocHoOBHOM, KOHEYHO, MOAENbEPHI;
* Ho ecTb 1 HabntogaTenbHble pe3ynbTaThbl:
- BTopoun penus SAMI (1559 ranakTuk);

- BpalleHne Ha bonbLlmnx paguycax no
pe3ynbtatam o63opa SLUGGS, n BOT-BOT
obelatoT onyonukoBatb pesynbTaTbhl ePN.S (33
ranakTukun): no kpamHen mepe 40%
TpuakcuarnbHbl!

- OB30pbl HEUTPAnbLHOro BOAOPOAa, B TOM Yncrie B
kapnukax (HeHranyp, Murugeshan).



[1o noBOAY MOOEeNbLEPOB:

* OTnnyHaga uutaTta us Patricia Sanchez-
Blazquez: "Models and cosmological
simulations are able to reproduce the
mass trends, but the physical processes
remain unknown”.



SAMI: Colless

h,—¢ and stellar population age

SAMI: van de Sande+ 2018, Nature
Astronomy, 2, 483
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SAMI: Colless

Fall & Romanowsky 2018, arXiv:1808.02525
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SAMI: oTHOoLLEHME K dunameHTam

L= R R R RN R RN RAR BARRARRRRRENRER
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SAMI: oTHOLLEHME K UnameHTam

V/o VS. DISTANCE TO FILAMENT
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To make up for small statistics.




OTpaxeHune cerperauum rno maccam?

FRACTION OF FASTER THAN AVERAGE ROTATORS VS.
DISTANCE TO FILAMENTS.
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Bo Bcakom cnyvae, Teopusa HE
npenckasbiBaeT Takon
HEMOHOTOHHOCTH

EVOLUTION AROUND DIFFERENT TYPES OF FILAMENTS
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¥ The inversion of slope around both types of filaments is

predicted far fkin galaxies in laow-mass haloes in
Horizon-AGN




DoKyC-MUTUHT «[ pagneHTb

METAJITTUHHOCTU»

HoBOCTb (a5 MEHSI, NO KpanHeEW Mepe):
paccocarncs U3fiomMm rpagueHTa MeTanimMy4HoCTH
no uedenagam B okpectHoctn ConHua. ENO
bonbwe HET.

ACTpPOCENCMONOrMA KpacHbIX rTMraHTOB—> Macchbl
—> BO3pacTa->3BoSioUnAa rpagueHTa
MeTanIM4YHOCTMU:

APOGEE+Gaia: ssontounmn HET

LAMOST: B TONCTOM gNCKE HET rpagneHTa
MeTanIM4yHoOCTUn, B TOHKOM -0.12 dex/Knk

[NocneaHee noaTBepXaaeTca paccesaHHbIMU
ckonneHunamu (Gaia-ESO)



DoKYyC-MUTUHT «[ pagneHTb
MeTannn4yHocTmn» - a He Milky Way?

* Berg: OtnnyHein 063op CHAOS: multi-
object Ha LBT, nonHble ananasoH c
pa3pelueHmnem 2000, 6nunskme ranakTukn,
0o 50-100 HIl-obnacten Ha ranakTuky.

* Temnepatypy nsmepsaot no [NIl] nnm [Sl] -
Kncnopoa He roguTcs Ha (CyD)COonMHeYHbIX
MeTanMMYHOCTAX, TaM JNIMHUA XKenesa
npoeuunpyetcs Ha 4363A.

* HET rpagmneHTa metannnyHoctn B M51.



CneumnanbHo ans BaHun KaTkoBa:

* [lbiITasicb NnpomoagenupoBaTb
dopmupoBaHmne apaxmcoodbpasHoro
bangxa B Hawlen ['anakTuke CekynapHoOu
apontoumen, Frakoudi npuwina K BbiBoay,
4yTO MOXHO 3TO caenatb TOJIbKO crapTty4
¢ TPEX anckoB — 0AHOMO TOHKOro U
OByx(!) TONCTbIX, C BEPTUKASIbHbIMU
wkarnamm 400 n 800 nk n eanHoun
paananbHOW WKanou 2 Krk.



OTaoeneHune J: CKonneHnsa ranakTtuk

* [1lpogonmkatoTcs OTKPbITUA CKOMMEHNU
raniakTuK Ha KpacHbIX cMelleHnax >1.

* CBexee onpegerneHne macchl no cnabomy
nuH3npoBaHuto ana SpARCSJ1049
(z=1.7): 3.8 x 10™ macc ConHua.

* Hayanuncb 0630pbl ¢ KMOS nonen
CKOPOCTEN U TEMMNOB 3Be30000pa3oBaHUA
B H-alpha pgna ranaktuk ckonneHun Ha

z=1.39, 1.47.



Anglar momentum In the gas that
pullds galaxies

:
James Bu  ‘

- >

KY\e SteW t, S



Cartoon of Galaxy Formation

Shock-heated hot gas
traces the extended
DM halo.

JVE )
A= vE ~ J ~ (.03

GM5/?2 — \J2VR

Gas cools to form
angular-momentum rq >~ AR, ~ dkpc

supported disk

e.g. White & Rees 78; Fall & Efstathiou 80; Mo, Mao & White 97; ...
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Somerville+17

ro/R;,

r./R,

Higher redshiit too!
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One problem...

-Inis 1Isn't how
(we think)
galaxies form

Kauttmonn 2005



Cartoon simulation




What's the angular momentum

of cold/accreting gas?



How dark matter gets its spin

Ji(t) = a(t)*D(t) €:jx Tt Lix

Inertia

. tensor
tidal

field

DM proto halo

turn-around time

Peebles (1969); Doroshkevich (1970); White (1984)

DM halo




Cool Gas vs. DM Inertia Tensor

Ji(t) = a.(t)QD(t) €isk L1 L1k

artia quadrupole
moment of cold

tidal tensor gas ~50% higher

field an DM

turn-around time

Peebles (1969); Doroshkevich (1970); White (1984)

. "Cool Gas
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cold density
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Redshift
3.02.01.51.1 0806 04 0.2 0.0

1.00

Stewart+2011 [Gasoline]

Cool Gas

All GOS == == == =

Typically:

Cool gas ~3x spin of DM
Hot gas ~2x spin of DM

Cool gas can show spin
parameters up to ~10x DIVI

Spin parameter A (R<100 kpc)

(almost rotationally
supported)

0.01

12 10 8 6 4 2 0
Lookback Time [Gyr]



0.30

0.25

0.20

Vr

A 0.15

<7»gas

0.10

0.05

0.00

Pichon+2011 [RAMSES
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- Gas ~3-4x more angular o z-6.1

~ momentum than DM Y
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Stewart et al. 2013

Cool CGM is
spinning fast

e

This is the gas
that will build
the disk.

GASOLINE (SPH)

o .
c
o
d)' AOLHOD Ooz ﬁ _ Jd)' AOLLOD OOZ ﬁ

)

[+]

/
o 100 200 300 | |kmis

Black contours have Nui> 1016 cm-2



Restrict to DM
falling in along
same cylinder as
gas => spin

parameters matcn.

Suggests its a
geometric effect,
coming from
inertia tensor.

Stewart et al. 2013

Recent Infall Spin Parameter A

Redshift

3.02.01.51.1 0.80.6 0.4 0.2

DM (Filoment)

Cold—-Mode

10

8 6 - 2
Lookback Time [Gyr]

0.0



Spin of material between 0.1-1 Ruir

dm Cool gas

A >0.2

in= 0.043, o= 0.581 (lognorm) n= 0.110, o= 0.527 (lognorm)

25 (unheard of
- for DM)
15
10

|

OO 0.05 0.10.15 0.2 0.25 0.3 0.050.10.15

A A

29 high resolution cosmological hydrodynamic “zoom-in” sims Danovich et al. 2015



Do any of these simulations agree on anything?

~ / RAMSES ¥ AREPO ; GIZMO-PSPH
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YES! Cold gas is spinning w/ ~3x specific | as DM

H Number Density (L)
cm

Relative Velocity (km/s)



What sets galaxy sizes”

Romeo Juliet

10 kpc 10 kpc

Garrison-Kimmel et al. 2018a [FIRE simulations]




Juliet Loulse
,~f-§ ——”‘\' f . ; -'_‘.”,—.

ice density (M o /pc?)

‘
C

-

g =
-
7

Batman

v =0.2




O Iso[470%]
O NFW [189%]

~L* galaxy sizes in FIRE
simulations do not
correlate w/ DM halo spin
as expected in standard
picture.

N

N

-

" DMO sims
jd — g = 0.1

-
-
—

R, predicted by MMW model [kpc]

Garrison-Kimmel+ 2018



What sets galaxy
Sizes” 0.8

Spin of the gas at

early times - the cold
gas that builds the = <3
disk. 04

0.6

NOT spin of the dark 0.2
matter at z=0.

0.03 0.06 0.09 0.12

. . /1(.:113( < Rvir) at az()
Garrison-Kimmel+ 2018 & |




- -,
gas SpPIn Iﬂl
at z~1 O
N
correlates i
W/ ga\axy C% o
size at z~0 re o
O) o |
2; . | | | | | | | |

5.0 1D 10.0 12.5 15.0 17.5 20.0 225
Ryir(a= aio) X ﬂgas( <Ryir, a= azo) | kpc]

Garrison-Kimmel+ 2018



cold gas spin @ z~ 1 galaxy size @ z=0

Produces similar order-of-magnitude result as old picture:

)\gas(z ~ l)Rvir(z ~ 1) ~ )\dm(z — O)Rvir(z — O)

A A A A
| | | |
~0.09 ~100 kpc ~0.03 ~300 kpc

This approximate equality is true statistically, NOT halo-by-halo




Does cool CGM gas spin as

expected?



Vast majority of Mgll absorber/disk pairs exhibit
NIgNh-spin accretion kKinematics

Ho et al., 2017

10 15 20)
slit (arcsec)

Steidel et al., 2002; Chen et al., 2005; Kacprzak et al., 2010a, 2011a; Bouche” et al.,2013;

Burchett et al., 2013; Keeney et al., 2013; Jorgenson & Wolte, 2014; Diamond-Stanic et al.,
2016; Bouche’ et al., 2016;




Urot (R) / Urot

0.0

01

02

R/ Tvir

03

04

0.5

Mgll absorbers around
inclined, star-forming
galaxies at z~0.2

Mg |l Doppler
shifts have the
same sign as the
galactic rotation,
SO the cold gas
co-rotates with the
galaxy.”




Ay [arcsec]

Martin et al. 2016

‘Cold inflowing disk”

Bright Lya filament @ z = 2.843
w/ Palomar Cosmic Web Imager

R ~150 kpc gas structure
rotating at V~350 km/s
Looks like ~4x1012Msun halo




Conclusions

Cool gas that feeds galaxies is accreted with significant
angular momentum, ~3x spin of DM halo

=> Expect orbiting, in-spiraling halo gas

=> Possible way to make very large disks

Galaxy sizes in FIRE/Milky Way simulations correlate with
spin of the cool gas at z~1 (not DM halo spin at z~0)
=> Rga\(Z:O) ~ }\gas (ZN“) Rvir (ZN“)

There is evidence that cool CGM gas spins as predicted.
=> Chance to map out “source term” of angular
momentum at z>0 that will set disk sizes at z=0.




Does AM regulate HI gas in HI-deficient spirals?

Chandrashekar Murugeshan
Swinburne University of Technology

SWIN
BUR
- NE.

JAU General Assembly, Focus Meeting 6

22 August 2018



Scaling relations: Hl-excess & HI-deficient galaxies

Regsons? s " g :
~ 1700 HIPASS sources *. Environment: ram PCRNTY and tidal
stripping, in cdmpact greups and clusters.
W, t al. (2013)
What about low-densities? Some galaxies

Hl-deficient, how and why?

B ole S e ngular momentum ?

ireschkow et al. (2016) [0 16]

B) - Hl-excess galaxies follow

of HI-deficient spirals

ironments.
Adopted from Dénes et al. (2014) Dénes at al. (2016)

SWIN Eos
,B[Hg‘. SR Chandrashekar Murugeshan IAU GA Focus Meeting 6 22 August, 2018 2



The sample

° 6 HI-deficient galaxies

*  Low-density environments
e D, 21()

* QObserved with the Australia

Telescope Compact Array (ATCA)
* Max. Baseline ~ 1.5 km
* Resolution ~ 30"

Murugeshan et al. (in prep) ATCA Credit: CSIRO

“NE - o Chandrashekar Murugeshan IAU GA Focus Meeting 6 22 August, 2018



The sample

NGC 1350

SWIN

BUR

*NE*-

Chandrashekar Murugeshan

NGC 1543

"

NGC 1792

NGC 2369

IAU GA Focus Meeting 6

No evidence of ram-
pressure or tidal

stripping

Central Hl “hole” like
features observed. Such holes
predicted by analytic models
in 016 and related to ¢

3D tilted ring kinematic

flttlng to data - extract
L, l ‘ l.:‘la b‘l,;.‘

Stellar mass calculated using
2MASS K¢ — band images

22 August, 2018 4



, 1.35M gy, . ,
forn ——, atomic gas mass fraction

- NGC1350 q — , global stability parameter
- NGC1792 |

- NGC2369 VIR M :
- NGCE300 M, - Hl mass; M - total baryonic mass

I | - total specific baryonic AM
g - dispersion velocity of the WNM

Obreschkow et al, 2016
HIPASS

THINGS

LITTLE THINGS . g , .
HIX sample * The Hl-deficient galaxies consistently

Milky Way follow the relation

Our sample
W2e

* AM regulates ¢ in Hl-deficient spirals

Murugeshan et al. (in prep)

SWIN Bl

BUR FESESES

“NE - Chandrashekar Murugeshan IAU GA Focus Meeting 6 22 August, 2018



"NGCi792 5 - NGC104 Our sample * First predicted by 016
- NGC23869 10 - NGC3521 " THINGS
- NGC6300 11 - NGC4736

NGC2403 13- NGCT331 Milky Way , _ |
“NGBAL 14-NGER2S s * HI hole - regions dominated by non-atomic
Xhote - Theoretical material
30% scatter

-
A
R~
c
S~
S
o
£
s o

*  Rj,,10~ radius at which HI begins to dominate
over stellar+molecular material

X hole

*  Low g== disc instabilities = increased star
formation in central regions =™ |arger hole

» Galaxies follow the model to within 30%
scatter about the model

Murugeshan et al. (in prep)

SWIN
BUR

“NE Chandrashekar Murugeshan IAU GA Focus Meeting 6 22 August, 2018 6



Conclusions

TNOCITE 9 NOCHBe Our sample
TNGG6300 11-Necarss A THINGS

T NO240s 13- NacHant Milky Way

- NGC2841 14 - NGC925 1/68

o

- NGC1350

- NGC1792 Xnote - Theoretical

- NGC2369 30% scatter

- NGC6300
- UGCA168

Rhotel/Raisk
W
o

‘o

Obreschkow et al. 2016
HIPASS

THINGS : 1 —+—
LITTLE THINGS ‘ \ ‘

HIX sample

Milky Way
Qur sample

1Y2e

* Identified 6 HI-deficient galaxies from low density environments

* Galaxies consistently follow the f,;,, — g relation

* AM plays an important role in regulating atomic gas in disc galaxies

* Heuristic method to measure central Hl hole sizes - galaxies follow
Xnote — q relation, as predicted by Obreschkow et al. (2016)

* AM, a fundamental parameter in influencing galaxy evolution

SWIN Eos
,B[Hg‘. SR Chandrashekar Murugeshan IAU GA Focus Meeting 6 22 August, 2018



3D tilted ring fitting & calculating j

Chandrashekar Murugeshan

-

2MASS K. - band image

IAU GA Focus Meeting 6

SC1L.BSNT,,; + AT DOV

S.C1.3S5SNT,,, + NT_)

22 August, 2018 8



Hl hole size estimation

Data

S = lrexp(=r/Rout)
HI = T¥hexp(=riR;,)

=== Zhiout) = l1exp(—=r/Rout)

150 200
r (arcsec)

Murugeshan et al. (in prep)

SWIN Bl
.%Jg" e Chandrashekar Murugeshan IAU GA Focus Meeting 6 22 August, 2018



Analytic models for Xj 1. in O16

Obreschkow et al. (2016)

Chandrashekar Murugeshan IAU GA Focus Meeting 6 22 August, 2018
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Environment local density - X¢

Murugeshan et al. (in prep)

Chandrashekar Murugeshan IAU GA Focus Meeting 6 22 August, 2018
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