Spectral line radio astronomy



Prediction & detection of HI ASTRON

= HI - neutral hydrogen hyperfine line - was predicted by van de Hulst (1944)

= Detected at 21 cm by Ewen & Purcell in 1951, and shortly thereafter by Oort
& Muller (at Kootwijk, NL)

¢ Wurzburg “Riese™ Radar Antenna, 7.5 m diameter
ISAPP 2014 94



HI in galaxies ASTRON

NGC 5055 NGC 6946

Battaglia, Fraternali, Oosterloo and Sancisi Boomsma, Oosterloo, Sancisi and van
2006 A&A, 447, 49 der Hulst, 2008 A&A, 490, 555
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HI in Groups ASTRON
Messier 81
Optical Neutral Hydrogen

ISA
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Velocity: +874.74 km/s
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Moments AST(RON

* How to characterise the kinematics of a galaxy?

= Can use full 3D modelling, but expensive and many
free parameters

= Use velocity profile moments
* momO : flux
* mom1 : velocity
" mom?2 : dispersion

ISAPP 2014 100



major _oxis position velocity diagram of NGC 2403
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Moment O ASTRON

. Moment 0 = /S  dv _
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Moment 1 ASTRON

10

 Moment 1 = <V> | |
J3, v dv
/3, dv

Flux = S, (mJy)

I 1 1 1 I 1
1400 1600 1800

Velocity (km/s)
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Moment 2 ASTRON

oL Moment 2 = <V2x>1/<
S8, (v — <V>)2 dv
N /s, dv

1400 1600 1800

ISAPP 2014 E o 100



Velocity field ASTRON

= Map of first-moment values is the “velocity field”
* Used for modelling kinematics
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From 3D to 2D ASTRON

Noft all profiles symmetrical

* Need to define a “typical” velocity

LI N B B S B I
| Her NGC 2403 ]

= Choice has impact on velocity field 5 |- | Gau ]

Moml
2Gau
Peak

= Consider: 6 |

= first-moment

F (mJy beam-')

= single gaussian
= double gaussian

= peak velocity

100 150 200 230

* third-order hermite polynomial V (ke s-1)

ISAPP 2014 106



Making velocity fields I ASTRON

| culoff Filter Melhod: ]

cnly use pixels with flux
abcove some speciiied level

Flux = S, (mJy)

_ Cutoeff level | / _______
_ - & .

Velocity (km/s)

ISAPr zui4 107



Making velocity fields II ASTRON

- I
L Window Filter Methodi

|

|

|

only use flux cver a |
specified velocity range :
i

|

Flux = S, (mJy)

|\

1400 1800 1800

Velocity (km/s)
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ASTRON

Frequency: 1417.832 MHz

cleaned TGS
line map [
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ASTRON

cut-off
1o

ISAPP 2014 110



AST({ON
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ASTRON
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ASTRON

Frequency: 1417.832 MHz

cleaned TGS
line map [
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ASTRON

requency: 1417.8389 MH=z

smoothed | UGCE0Y0
c +22700'H
line map
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ASTRON
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ASTRON
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ASTRON
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ASTRON

Rotating Ring, top view

Rotating disks

0 Mean Velocity Fleld
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Moments ASTRON

But the moment analysis is restrictive.

- It does not describe complex profiles
(asymmetries, double profiles)
- it does not always define mean velocities well
(especially when S/N ratio is low,
when beam-smearing is important,
and in case of edge-on galaxies)

Alternatives:

- multiple Gauss fitting, fitting of Hermitian functions
- special visualisation and treatment of the 3D data

examples: derotation, position — velocity
diagrams along well chosen directions

ISAPP zu14 119



pV diagrams ASTRON

Use of position -velocity diagrams
NGC 891
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pV diagrams AST(RON

position - velocity diagram
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Velocity fields.... ASTRON

A

mp 15 15 =y

Velocity Field:

velocities in inner
region are all
higher than in

»s the outer parts
along a single
line of sight
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ASTRON
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ISAFr zu14

ASTRON

Result: rotating gas disk plus gas at anomalous velocities
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The big question AST(RON

*Now that we are all experts in radio
telescopes and neutral hydrogen in
galaxies:

*\WWhat can we say about dark matter in
galaxies?

ISAPP 2014 125
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Stars, gas, galaxy evolution

Galaxies are more than
dark matter alone

Gas cools, forms stars, stars
live and die

“"Feedback” and
“accretion” affect the ISM
and possibly DM distribution

Galaxies more than the
sum of their parts

Understanding interplay is
the next challenge

Gas Rich Mergers and Disk Galaxy Formation

Galaxy formation simulations created at the

N-body shop

makers of qualily galaxies

key: gas- green
credits:

Fabio Governato (University of Washington)
Alyson Brooks (University of Washington)
James Wadsely (McMaster University)
Tom Quinn (University of Washington)

Chris Brook (University of Washington)

Simulation run on Columbia (NASA Advanced Supercomputing)

contact: fabio@astro.washington.edu

—!overno#o e¥ al. http://www-

hpcc.astro.washington.edu/



I NEHIINEGTBYACTIAXYISUTVEY,

Large NRAO VLA program
(2003-2006)

~500 hours: B, C and D arrays

34 galaxies: Sa - Irr, 3-10 Mpc

(e

;3 Resolution ~ 6" (100-300 pc)

é Velocity Resolution ~ 5 km s™!

ol

- Sensitivity ~ 5 x 107 cm2

vy

— total: 1 Tbyte

O

’:3 Targets overlap SINGS Spitzer Legacy

= Survey and GALEX Nearby Galaxy Survey

www.mpia.de/THINGS
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Spiral Galaxies in THINGS — The HI Nearby Galaxy Survey

NGC 6946

NGC 628 (M 74)

NGC 5194 (M 51)

NGC 3184

‘Face-on’
Spiral Galaxies
in THINGS

scale:
10 kpc
30.000 light years
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Image credits:

VLA THINGS: Walter et al.
Spitzer SINGS: Kennicutt et al.
Galex NGS: Gil de Paz et al.




Dwarf Galaxies in THINGS -- The HI Nearby Galaxy Survey

M 81 dwarf A

Holmberg | Dwarf Galaxies
] - | of the M81 group
in THINGS
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Galaxy Dynamlcs N THINGS — The HI Nearby Galaxy Survey

NGC 2403 = Gas and Stars_ .

15,000 light years
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hOTUTIONICUTVESHVVIIVe,

® Rofation curves classic

evidence for dark matter
DISTRIBUTION OF DARK MATTER IN NGC 3198
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hNOTUTIOTIICUIVESHVVIIVE

Efficient way of describing dynamics
of galaxies

In combination with baryonic
distribution give information on
presence and distribution of dark
matter



® Rofation curves classic
evidence for dark matter

® Flat rotation curves and
inner solid-body rise led to
pseudo-isothermal halo
model

® Constant density core
and isothermal density
fall-off
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density profile
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DUTRIVITTIERONPMUIIDCUIES

observations indicate
that the DM halos of
late-type galaxies have
a ~constant-density
core (pseudo-
iIsothermal or ISO)

“there are no density /

Cusps In the centres of g
disk galaxies”

CDM prediction
(NFW)

Observations
(ISO)
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D UTKIVITTIERON™MUIIBDCUIES

observations indicate
that the DM halos of
late-type galaxies have
a ~constant-density
core (pseudo-
isothermal or ISO)

“there are no density
cusps in the centres of
disk galaxies”

systemartic effects?
offsetse non-circular
motionse
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Wiplelf ite) ele),

Derive dynamical models
without using external
InNformation on inclination efc.

These can be derived for i > 40
degrees

19 galaxies in rotation curve
sample v
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Standard tfechnigque f(/

TTTTTT 4
o Begeman (1987) 4
o Sicking (1997) ]
o Froternali et ol (2002)
T R R NI B!
15

Rotation curve: V = V(R)

Derived from velocity field
using ftilted rings

V(X.,Y) = Vsys + Vc(R) sin(i) cos(©)

Velocity field V(x,y) derived
from data cube [(x,y,V)




LIeannygs

Model galaxy with concentric rings with
center (xpos, ypos) and systemic velocity Vsys
each with their own i, PA, and V

V(X,y) = Vsys +Vc(R) sin(i)cos(O).
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Cold Dark Matter (NFW)

Universal Mass Density profile

Most prominently parametrized
by NFW

Dominated by steep, central
density “cusp’: p~R

“Universal’’ cusp gives
“universal’’ rotation curve

Steep slope confirmed by many,

many simulations

Empirical (ISO)

log P

log R

Most observed rotation curves
show inner linear rise and outer
flattening

Best described by central
constant-density core: p~R°

Pseudo-isothermal halo

Observationally motivated, best
description of data

No cosmological mofivation

log P

log R




V (km s77)

V (km s77)

150

100 |

150

100

IVIGSSHTIOT EISIEXUTNIP1 SN (S s80 624l

50 ||

ISO, fixed

ISO, free

50 |-

NFW, fixed

AR S R L L
L L L L L L L

T B

T T

0

10
R (kpc)

20

0

10
R (kpc)

20

For every galaxy
produce models with
Y+ fixed to predicted
value and with Y+ free



V (km s71)

V (km s71)

100

50

100

50

IVIGSSHTIOU EISIEXUINIPI SN (S sl o

ISO, fixed

....... L.

— — — —

Y:=031 |
PRI X2 = 2.26 4
\ | |

IIII|J_

ISO, free

...... IS

IIIIIIII|J_

Y‘j; =042

.
| | | |

NFw, f

ixed

Ll T . L
II|IIII|IIII|J__|

T TR TN N N N O NN TR N NN TN T SN A 1
||||||||||||||||J_

NFW, free -

For every galaxy
produce models with
Y+ fixed to predicted
value and with Y+ free

&cetera



DOCSHTHITE

3 T 1 T 1 T 1 T 1 T
8 2 __ __
(Q L _
e 3 il
. L _
= T ~
z | " i
< F = ¥
> N _

O pesef® % -

-y _

C 111 | L1 | | L1 | | L1 1 | L

-22 =20 —-18 —-16 —-14
Mg (mag)

For Mg <-19 ISO and NFW fit ~equally well

But dominated by stars

For Mg > -19 large differences; ISO best
Dominated by dark matter

Looking only at good fits: clear break at Mg~-18.5
Non-circular motions?



Halo Rotation Curves
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Dark Matter Halo Models

Cold Dark Matter (NFW) Empirical (ISO)

log o
log p

log R log R



Dark Matter Halo Models

Cold Dark Matter (NFW) Einasto Empirical (I1SO)
A il
v
Q
Q O
) o)
3 O
log R log R log R

pE(r) = p—2 €xp {—Zn [(i)w — 1] }

ro = radius where d(log p)/d(logr) =-2; p2 = p(r2)

Einasto mass profile (Cardone et al 2005; Mamon and tokas 2005)



The Einasto Halo

Proposed as superior model for CDM simulated halos (Navarro et al
2004, Merritt et al 2006)

Previously used for surface photometry of galaxies by Einasto (1965,
1968, 1969) [cf. Sersic profile]

1/n
pE(T) = p—2 exp { —2n (L> — 1

ro = radius where d(log p)/d(logr) =-2; p2 = p(r2)

Einasto mass profile (Cardone et al 2005; Mamon and tokas 2005)
r—2

Mg(r) = 4mnrs ,p_s €™ (2n) "y (3n, L)

where v(3n,z) = [ e~ *¢3"~!dt is the incomplete gamma
function.



The Einasto Halo

Index n regulates inner slope of density and rotation curve

4%
E n =1 n=>5 —_._._
3?\.\ nN=2 .. n=9 —._. _
2B,

log(p [1077 Mg PC™?])
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pE(r) =p—2exp —2n | — ] —1




log (p/p=)(r/r=)?

olnp

olnp

Einasto and CDM

Einasto halo gives good description of CDM halos

Teow < T < 3T, Toow < T < 3 T,

/

f Best—fit power—law QUi § ) | Ludiow et al 2011
-20-15-10-05 0.0 05 1.0 -15-1.0-05 0.0 05 1.0 -1.5-1.0-05 0.0 05 1.0
log r/r., log r/r., log r/r_,

CDM halos yield fairly narrow range in n.
Navarro et al (2004): n=6.2+1.2.
Generally one finds 5 s n = 10



Einasto halo, Kroupa IMF, free n
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Comparison with ISO and NFW

1.0} Einasto better ]
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Einasto halos provide better fits, also to observed rotation curves
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describe observations

Einasto Halo Parameters
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Einasto slope and resolution
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Einasto Results

® FEinasto fits better than ISO or NFW

® However, no unique n-value, no scaling between
MASSeS

® No universal Einasto halo in THINGS galaxies

e Typically smaller n-value than CDM halos. n>4 is rare
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LITTLE THINGS

Local Irregulars That Trace Luminosity Extremes
The HI Nearby Galaxy Survey
Hunter et al. (2012)

* “THINGS-like” (~6”; < 5.2 km/s) high-resolution VLA HI 2Icm survey (B+C
+D; 376 hours) for 41 nearby (< 10 Mpc) dwarf (dlm, BCD) galaxies

» Commensality with Spitzer (+ Herschel) optical, GALEX uy, CO data etc.)
* VLA observations ended in 2009

* Data available at:
https://science.nrao.edu/science/surveys/littlethings

* Further observations with EVLA, CARMA, APEX, Herschel etc.




LITTLE THINGS

Main Science Drivers

* What regulates star formation is dwarf galaxies!?

* What is the relative importance of sequential triggering for star
formation in dwarf galaxies?

* How (dark) matter is distributed in dwarf galaxies?

* What is the relative importance of triggering by random turbulence
compression in dwarf galaxies?

* What is happening in the far outer parts of dwarf galaxies?

* What happens to the star formation process at breaks in the exponential

light profile!
* What happens in Blue Compact Dwarf (BCD) galaxies!?




Little THINGS
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[l. Rotation curves &
Asymmetric drift correction

: Fit 2D tilted-ring models to

velocity fields (Rogstad et al.
1974;“rotcur” task in GIPSY)

: Gas drift correction (Bureau
& Carignan 2002)
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DDO 133 Mass models of baryons
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lll. Disk-halo decomposition &
Dark matter density profile

: derive mass models of gas
and stellar components using
gas intensity map (corrected
for Hetmetals) and Spitzer
3.6 micron images

: M/L based on stellar
population synthesis models

: Fit two halo models (ISO &
NFW)

: Matter density profiles (DM
+baryons; DM-only) derived
assuming a spherical halo
potential

: Measure the inner density
slope, &



SPH Simulations of Dwarfs

® Governato et al. (2010, 2012)
® N-body+SPH tree-code GASOLINE
® Flat A-dominated cosmology

® Baryonic processes are included such as,
- gas cooling
- cosmic UV field heating
- star formation
- SNe-driven gas heating

® There are ~3.3 million particles within the virial radius at z = 0.

e DM particle massis 1.6x10* Me, and gas particle mass is 3.3x10° Me.

® The force resolution (gravitational softening) is 86 pc.



THE FORMATION OF A BULGELESS GALAXY
WITH A SHALLOW DARK MATTER CORE

Fabio Governato (University of Washington)
Chris Brook (University of Central Lancashire)
Lucio Mayer (ETH and University of Zurich)
and the N-Body Shop

KEY: Blue: gasdensity map. The brighterregions represent
gas that is actively forming stars. The clock shows the time
from the Big Bang. The frame is 50,000 light years across.

Simulations were run on Columbia (NASA Advanced
Supercomputing Center) and at ARSC




Gas (HI + H2) Spitzer 3.6um
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Comparison with THINGS + Simulations

Rotation curve shape Density profile
Il I I 1 1 I I 1 I I I il lllll 1 1 1 LI llll
Ls 1073 | o=
0.8 |~ Dark matter only . Dark matter only 3
i i [ ]
0.6 | |y [ '
" I 1 n - ,
> 0.4 |- H & 10 E =
Ny N = =
> - 1 < - o
L e NFW (< 90 kms=) | - v -
0.2 |- GS- — ISO best fits | - — — ISO best fits 7
= |3 ODG! A DDO 154 O IC 2574 O IC 2574 A DDO 154 © DG
-4 D DG2 Y7 0DO 53 [J NGC 2366 " [J NGC 2366 Y DDO 53 O DG2
. A N81dwB ¥ Ho | y 7 Ho | A M81dwB
0 OHon = 10-5 =-OHon
| TN TN W NN T TN SR NN TN NN M NN N AN F Lac.de .o 4 Lol
0 0.2 0.4 0.6 10-7 10°
R/Ros R/Ros
Radius Radius

Roz ?> dlogV/dlogR=0.3

Oh et al (201 1).



Comparison with LITTLE THINGS + Simulations

Rotation curve shape Density profile
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* Scaled rotation curves too shallow compared with CDM

* Slope based on |9 galaxies: o« =-0.3 + 0.1
* Consistent 7 dwarfs from THINGS (Oh et al. 201 I)
* Agrees well with simulated dwarfs from Governato et al (201 1)



Inner density slope X at

500 pc
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Density slope vs. Stellar mass

Oh et al.in prep.
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 Simulations:

Gas outflows become less
efficient in smaller galaxies so
primordial DM distribution
less affected

* Observations:

DM distribution in low mass
dwarf galaxies would be a key
for the central DM problem



Inner density slope X at

Density slope vs. Stellar mass

Oh et al.in prep.
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 Simulations:

Gas outflows become less
efficient in smaller galaxies so
primordial DM distribution
less affected

* Observations:

DM distribution in low mass
dwarf galaxies would be a key
for the central DM problem



. THIN__'GS
Conclusions N

* Radio observations show disk and
dwarf galaxies show a cored dark
matter distribution.

e Feedback must be invoked to
explain this

e Observations of ultra-low mass ;-“,: |
dwarfs will provide a crucial test S o

www.mpia.de/THINGS




