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Introduction Life-cycle of Interstellar Dust
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Galactic Starlight Polarization
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Figure 1. Vector diagram showing polarization of individual stars.
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Galactic Dust Polarization
Galactic Thermal Dust Polarization

Planck Whole Sky Survey

https://www.ias.u-psud.fr/soler/planckhighlights.html
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Grain Rotation and Alignment Physics of Dust Grains

( Internal alignment ) @ternal alignmea
AB

“Right” alignment & J//al

1 spinning
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Stationary: J=0 rotating: J#0

1

Lazarian & Hoang 2007
Andersson et al. 2015
Lazarian & Hoang, 2021

Tram & Hoang, 2022
Hoang, Tram et al. 2022 @
1OnIy considering paramagnetic grains (e.g., astrosilicate)

Disregarding diamagnetic grains (e.g., carbonaceous)
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Alignment of Cosmic Dust Grains
Radiative Torque Alignment (RAT-A) Theory

m Anisotropic radiation field causes
= - irregular grains to rotate
f— /2 s e (Dolginov & Mitrofanov, 1976).

m Rotation damped by gas collisions and
dust re-emission

" anderssonctal. 205 | @ Internal alignment due to Barnett
relaxation (Barnett, 1909)

m Alignment with external B-field due to
DG mechanism and "F" component of
RATSs.

_ | ® RAT's predictions are successfully
e tested by observations

(e.g., Andersson et al. 2015) g
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Introduction Alignment of Cosmic Dust Grains

Laboratory Experiments on Rotation of Interstellar Dust
Grains by Radiation
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Introduction Alignment of Cosmic Dust Grains

Modelings on Rotation of Interstellar Dust Grains by
Radiation

Analytical model (AMO) ’ AMO (2

S Low-J High-J
attractor attractors

I nermal

Lazarian & Hoang, 2007a

Numerical model

No

0.8- i magnetic inclusion
Oblate, aag = 0.2 jm

Oblate, aus = 0.1 pm
—-% AMO, lognormal guuc-distribution, =037, 0 =107\ o =mmeeT Bsg

Herranen et al. 2021
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Rotational Disruption Mechanisms
Large Grains' Angular Velocity and Disruption of Size
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m Angular velocity by RATs
m wipat ~ a7 for a < _5\/1.8
m wraT ~ a ! fora>\/1.8

m Induced centrifugal stress

1/2
mS~ w2a2 — Werit ™~ Sm/ax/a

m Rotational Disruption occurs

B WRAT > Werit

m Grain's Internal Structure
B Spax ~ 10% — 108: composite
B Spax ~ 10° — 10'%: compact
B Spax ~ 1011 ideal material

A
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New G Disruption Me: Rotational Disruption Mechanisms

Radiative Torque Disruption Efficiency

Table 2 | Characteristic timescales of dust destruction by
different mechanisms

Mechanisms Timescales (yr)

=17
RATD 1.0a $7A05U615r1naax,9
Thermal sputtering 9.8x 1O3a,5n{1TgW(O.V\gp)
Non-thermal sputtering 57 5% 103ﬁa,5n{‘vg,‘m3(0.mgp>
Grain—grain collision 7.6 x 104ﬁa75nf‘vgr1m’3

a.5=0/(1075cm), Ug=U/10% S, 5= S0/ (10°erg cm™) my =, /(10 cmi=3), Ty=T,,,/(105K)
Vaina=Van/0°kms), and Y, is the sputtering yield.
m RAT-D: large grains — smaller species

RAT-D is far more efficient for a > 0.1 um and
U>1

m Disruption affects on the largest grains —
Hoang, Tram et al. 2010, Nature Astronomy modification of the grain-size distribution

Hoang, 2020 ==
Lazarian & Hoang, 2021 f 2
Tram & Hoang, 2022
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New Grain Disruption Mechanism Rotational Disruption Mechanisms

Simulations on Disruption of Porous Dust
Reiss| et al. 2023

W/ wWerit = 0.1 W/Werit = 0.8 w/Weriy = 1.0

) ot z
i 5
100 10 o0
a =500 (nm)
Evolution of grain shapes silicate composite (co-S)
20 = BA @ N-body simulation
Aegp = 200 nm , Gefr = 350 nm a4 = 500 nm. E E::;— best fit

= BA ° uw/
BAM1 X
BAM2

Critical disruption angular velocity

3 5 X x
%0 75 T 35 W o 200 o0 o 550
b/a a(nm)

le@mpifi-bonn.mp.de R




New Grain Disruption Mechanism Rotational Disruption Mechanisms

Laboratory Experiments on Disruption of Dust
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Ahn et al. 2018
Reimann et al. 2018
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Holgate et al. 2019
To disrupt: 10 ym tungsten droplet

(surface tension 2.5N m~" and density 17600 kg m~3)
Least angular velocity: 6 x 105 s

Gain angular momentum from
gyrating particles in the
surrounding plasma
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Dust Polarization Observations to Magnetic Fields J

Abstract

Polarization Angle (Polarization Orientation) — B-field orientation

6= 2

s

arctan2( % ) (degree)

@ Stokes Q and U are observed quantities

Polarization Angle 4+ non-thermal broadening — B-field strength

@ resolved velocity profile is required (spectroscopic observations) ;

le@mpifi-bonn.mp.de T T



RAT paradigm

"Ideal” Grain Alignment — Dust Polarization
— Magnetic Fields

. B m Absorption pol. is parallel to B-fields

Wi, Absorption polarization
» Pol. vectors — Bpos morphology

» Observable at UV-NIR wavelengths
m Emission pol. is perp. to B-fields

Aligned ™ » Rotating the pol. vectors by 90°
dust grains
— Bpos morphology
> Observable at FIR-Submm wavelengths
) s Aligned m B-strength:
1 _d i T
1 A= usterains » " Tradition

@ Davis 1951; Chandrasekhar-Fermi 1953

4 Emission polarization
B

> "Improvement”

I' PLB

E E

Falceta-Gongalves et al. 2008

Hildebrand et al. 2009; Houde et al. 2009
Skalidis & Tassis 2021
Lazarian et al. 2022
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RAT paradigm

Galactic Magnetic Fields @5’ with Planck

W\ . =
https://www.ias.u-psud.fr/soler/planckhighlights.html
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RAT paradigm

Galactic Magnetic Fields with SOFIA/HAWC+

G47 bone o Carira Keyhole:

" %Seméns South : . MWss cénter
* b ot . . /

Credit: NASA/SOFIA
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RAT paradigm

Extra-Galactic Magnetic Fields with SOFIA /HAWC+

NGC 4826

;,f_;.i \

NGC 3627 ® Cicinus

& e

Antennae Galaxies

NGC 1068

NGC 7331

Borlaff et al. 2023

NGC 6946

M83
NGC 2146

SALSA Large Program (Pls: E. Lopez-Rodriguez (Stanford) and S.A. Mao (MPIfR
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High-redshifted Galactic Magnetic Fields with ALMA

a Source Plane b Lensed Source c Synthetic Observation

(P1) =1.0£0.0% (Pp)=1.1£0.1%

5.0£0.0

(XB.ip) =4.3£6.3°

0.0 0.2
Offset (")

0
Offset (")

Geach et al. 2023, Nature

m Gravitationally lensed galaxy 9i09 at z=2.553,

m The polarized emission arises from the alignment of dust grains
with the local magnetic field,

m 5Skpc-scale ordered magnetic field with strength of ~500uG.
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A Case Study of Ophiuchus-A cloud

Inte&l‘s‘ity (Jy/zggsecz) [)‘] = [gra‘Vity]/[B - ﬁeld]

0.2 0.8 1.0

Protostellar zore
154 pm

Prestellar coie

Dec (J2000)

0.1

0.03

P Y TR e
162640 30° 25° 16'26"36°  30° 24°
RA (J2000) RA (J2000)

. ) Santos et al. 2019
@ B-field morphology — the MC's flat-shape L&, Tram et al. (sub.)

@ Star formation occurs in A > 1
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RAT paradigm

Variation in B-field Orientation

Tourus o = -0.53

o B-field is parallel to cloud X::g = 21.84

2 _
w 9 —

o

n . :

or B-field is perpendicular to cloud

|

Planck et al. 2016
o

21.0 21.5

22.0
log,g (N/cm™?)

22.5

Relative orientation between B-field and cloud

@ Planck era: B (Av <3) < By (Av > 3)

@ Serpens South: By (Av > 21)

o Oph-AI B, (Av > 40)

Le Ngoc Tram

nle@mpifr-bonn.mpg.de

Pillai et al. 2020
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Dust Polarization to Dust Properties J

Abstract

Polarization degree = Dust’s intrinsic properties + ISM properties

Polarization degree : p(%) = 100 x 7”U2,+Qz (observable quantity)

@ Dust's intrinsic properties : shape, size-distribution, composition, magnetic properties

@ ISM properties : density, temperature, radiation, B-field, etc.
a "complete understanding” of grain alignment physics is required!

Le Ngoc Tram nle@mpifr-bonn.mpg.de June 20, 2024 21 /42



Numerical Modelling and Applications

Applications in Astrophysics and Astrochemistry

Kilonova GRB afterglow

o

a

¥

Hoang, Giang & Tram, 2020

Massive protostar

Rotational

Disruption

Hirashita & Hoang, 2020
Hoang, Tram et al. 2021 Hoang, 2021
i Astro-chemistry
Hoang & Tung, 2019
Hoang & Tram, 2020
TraFrT\ et’_gl. 2021b

Protoplanetary disk

grain core.

Tru‘ong, Tram et al. 2021.
Tung & Hoang, 2020 Hoang, Minh &*ram, 2023

CHOH o
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Novel Computational Models

(This talk) (Other SAGI seminar!?)
DusTPOL-PY? POLARIS*3
(0-D and 1-D) (2-D and 3-D)
(Lee et al. 2019, Tram et al. 2021) (Giang, Hoang, Kim & Tram, 2023)
— RAT-A, MRAT and RAT-D — RAT-A, MRAT and RAT-D
// — dust self-scattering
— multi-wavelength — multi-wavelength
— perfect alignment (ideal) — 1A and EA physics (more realistic)
— uniform B-field (on POS and inclined) | — arbitrary B-field (e.g., from MHD)
— optically thin emission — radiative transfer
— single-dish obs. — single-dish and interferometry obs.
2https://github.com/lengoctram /DustPOL-py @

3Initially developed by Reiss| et al. 2016

Le Ngoc Tram nle@mpifr-bonn.mpg.de June 20, 2024 23 /42



_ Numerical Modelling and Applications
Dust Polarization in Star-forming Regions: RAT-D effect

Grain temperature T (K)

Planck data @40’
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_ Numerical Modelling and Applications
Dust Polarization in Ophiuchus: RAT-D effect

p Oph-A cloud SOFIA/HAWC+ @14”
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Numerical Modelling and Applications

Dust Polarization in Musca Filament

22

- :
2 200 Planck/850 pum @5
20 -7 17.5

15.0'."" AT oS 3 R0
19 &\ /g/-' 2y oCiei e

¢ :’@ 12.5r-
53 E_’ ' e Obs \‘\\t//{
18 10.0_— amax = 0.25 um - o’
— amax=0.3um N/

5F— @max = 0.35 um
~ = @max = 0.5 um

1 1
=20 -15 -1.0 -05 0.0 0.5 1.0 15 2.0
16 r (pc)

-10°

302°00° 301°30° 00" 300°30° Pol. hole is caused by de-polarizations

Galactic Longitude

@ lower radiation field
Ngoc, Diep, Hoang & Tram (submitted) @ higher gas density g
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_ Numerical Modelling and Applications
Dust Polarization in Orion: RAT-D and B-field tangling

HAWC+ observation

Obsevation (214 um)
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Dust Polarization in Starless Cores: Effect of grain growth

Pipe-109 starless core (Alves et al. 2014)
' A -0.92+0.17 ]

1.0
g _
£ J108
;> D_%
o
L B =-1.00£0.13 (AV < 9.5 mag)

0.1

L L L L L 1 L L L L
5 10 50 g
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Dust Polarization in Starless Cores: Effect of grain growth
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Numerical Modelling and Applications

Multiple-wavelength Dust Polarization: OMC-1

oMC 1
@ pol. spectrum
—5e20 % _
. e 54, 89, 154, 214 um with
{2 SOFIA/HAWC+
] (Chuss+2019; Michail+2021)
5 B o 450, and 850 um with
S 1= JCMT/Pol-2
= . (Hwang+21)
5 —1°
a 7 - -
£ L 1, @ Spectrum slope: straight-line
3 le fitting ...
3 e
A 1% @ Raising spectrum in dense region
% bl .QJN % o Falling spectrum in warm region

5"35m 257 20° 15 10°
Right Ascension (J2000)
Tram et al. 2024
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_ Numerical Modelling and Applications
Pol. Spectrum in Orion: One-phase DuSTPOL-pPY

—— model
Tram et al. 2024 One — phase model & obs
of ® ¢
[ \2q=165 ]
T — —TT vv‘ — — T
s ! ]
r ¢ )
okl AN | L o
g 10f —
° i £
5F i
0k 0.0 ; AR
10F
5_ \Zg = 29.09
10’ 10? 10° 10’ 102 10° 10’ 102 10°
wavelength (zm) wavelength (:m) wavelength (um)
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_ Numerical Modelling and Applications
Multiple-wavelength Dust Polarization: Multiple Dust
Component as a Potential Solver

25 '
observations o TWO dust phases (dense and Cold,

fheat = 3+ ficale=0-01, ficate, carv=1
| warm and dilute) along the LOS!
@ In warm and dilute phase: the
destruction of carbon grains (by

l UV radiation) leads to a
significantly pronounced V-shape!

P/ P350 um

| @ In dense and cold phase: the
reduction in the alignment

fhear = 3. fycate = 0001

05 frcar = 3+ Fucale = 0-001, i = 50 nm ffici
heat = 3» facale = 0.01 €rficiency can pronounce more
Thear = 3+ fcate = 0.01, 8y i = 50 nm
V-shape!
fheat = 4 ficate = 0:01, 3y i = 50 nm
0 \
10 100 1000

A/ pum
see Hilderbrand et al. 2000, Vaillancourt et al. 2008, Seifried et al. 2023 @
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_ Numerical Modelling and Applications
Example of Two-phase (two-layer dust) DusTPOL-pPY

5_ T T LA | T T LN

1 1 1 1 1 1 11 I 1 1 1 1 1 1 11
10’ 102 103
wavelength (um)

Two-phase DustPOL fits better than the one-phase @
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_ Numerical Modelling and Applications
Pol. Spectrum in Orion: Two-phase DusTPOL-PY

—— model

Tram et al. 2024 Two — phase model ¢ obs
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_ Numerical Modelling and Applications
Dust Polarization in Era of ALMA: HLTau PPD

Smooth physical profiles for disk

1.3mm - ALMA 0.87mm - ALMA

Simulations
(POLARIS+)

Nguyen Tat (incl. Tram) et al. 2024
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Dec (J2000)

Dust Polarization in Era of ALMA: HLTau PPD

Ring/Grap physical profiles for disk

870 um (ALMA Band 7) POLARIS synthetic Model

18°1358.0" RAED 1k

57.5"§

57.0"§

56.5"

Stokes / 870 um intensity (mJy beam™1)
ADEC (arcsec)

4h31M38.50° 38.45° 38.40° 10 05 0.0 0.5 10
RA (JZOOO) ARA (arcsec)
Stephens et al. 2023 Nguyen Tat (incl. Tram) et a). 2024_

[mjy/beam]
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Grain Rotation and Astrochemistry
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Novel Ro-thermal Desorption

2501 —e— nH=1()2 cm_3

—— ny=103cm™3
2001 —e— ny= 104 cm_3

c
k]
g grain core g 1501
4]
kel efractory organic mantle =~
= <
g 100 1
2
2 Potential Energy 501 H, a= Olum
0 — A =0.5um
0 4
“Ep+Ecen T y y y y T
0 2000 4000 6000 8000 10000
Eb (K)
-Ep
rotation rate, w Hoang & Tung (2019)
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Methanol (CH3OH) in Hotcore

Thermal/Non-thermal desorption mechanisms

4
UCLChem Model
and
. Without rot-thermal With rot-thermal
o —— CH30H —— CH30H
300 #CH30H #CH30H
—— @CH30H —— @CH30H
108 L
2
IS 250 10
Q
o
£
102 o
£ .
Gas density & § 107
> ]
iR £g
3 mg 3 Gas phase
< 0 Thermal sublimation Thermal sublimation
0.98 100
101
50
096
o 1012
107 10° 10 10° 10° 10 10° 10° 10° 10° 10°
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Novel Rotational Desorp

tion
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Water lce Depletion in Protostar Envelope
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Conclusion and perspective

Conclusions
@ Cosmic dust grains are seen to rotate, not stay at rest
@ Extremely fast rotation can break grain's structure and fragment it in smaller sizes

© RAT-A + RAT-D is essential for dust polarization observation interpretations.

o Numerical modeling: DusTtPOL-PY (https://github.com/Iengoctram/DustPOL-py)
o Numerical simulation: POLARIS+ (publicly available soon)

@ Pol. spectrum of dust is important to comprehensively understand the physics of
dust grain and improve the model's level of precision.

@ The Effect of grain rotation on surface chemistry must be considered.

Perspectives
@ More investigations on starlight polarization
@ Rotation and Disruption by RATSs for fluffy/aggregated grains (Tram et al., in progress...)
© Rotation and Disruption by Mechanical Torque (MET) (Tram et al., in progress ...)
@ Alignment of carbonaceous grains (Hoang, Minh & Tram 2023, , more works required . @
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