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Outline

e \What Is disc kinematics through the eyes of ALMA

e Kinematics in the BINARY-disc interaction problem
e Kinematics of discs surrounding stellar binaries

 THE smoking gun features of binaries in discs...The
real challenge in modelling CBDs (....suspense)

e Conclusion
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SPHERE/VLT; Avenhaus et al. (2018)
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What Is disc Kinematics
through the eyes of ALMA

e Emission lines emit at very precise wavelengths, the
peak of the line will redshift or blueshift depending
on its velocity along the line of sight.

e ALMA takes a “picture” (brightness map) of gas line
emission in a small given velocity window.

kinkin t
iIsovelocity

inte et al. 2018

1.00km/s

Pinte et al. 2019




What Is disc Kinematics
through the eyes of ALMA

e Emission lines emit at very precise wavelengths, the
peak of the line will redshift or blueshift depending
on its velocity along the line of sight.

e ALMA takes a “picture” (brightness map) of gas line
emission in a small given velocity window.

e we collect a scan of the disc at multiple velocities
and we have a sort of tomography of the disc at
different velocities

e From the shape of the channel we can define disc
surfaces and determine the disc vertical structure

HD 163296

kinkin t
iIsovelocity

MAPS collaborgtlon $2021
data from 1

ation

Pinte et al. 2019



nf1= Vkep=1/R"0.5
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Out[1]= RO_.S

ni2l:= Vproj = Vkep * Cos[theta]

Cos[theta]

Out[2]= 0.5

@)= Vproj2[x_, y_ ] :=Vproj /. {R>»> (x*2+ y~*2), theta-»ArcTan[x, y]}

inf4:= ContourPlot[Vproj2([x, y], {x, -1, 1}, {y, -1, 1}, Contours -» 10, PlotLegends -» Automatic]
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e [he kinematic dataset at this point is
a cube, where each spatial pixel has
a velocity spectrum

e from the momenta of this spectrum
(integrated flux, mean, variance,
maximum brightness, velocity of the
brightest channel) we can define
moment maps (M0, M1, M2, M8, M9)

What is disc kinematics
through the eyes of ALMA |
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Kinematics in the BINARY-disc

243 lda, binary asteroids, Galileo probe

Interaction problem

e What is a binary? Two gravitationally bound
masses

e From the theoretical perspective, theory cares
only that two masses are gravitationally bound

and surrounded by a disc of material (for theory
check e.g. Goldreich & Tremaine 1980; Miranda & Lai 2015)

Saturn’s moon Daphnis, Cassini, ESA

e |nteraction with companion generates epicyclic

motion 5 am(R)
”UR’1 . D(R) {[mQ(R) — UJ] 8R R } ((I)Tl (I)Zl hl)
1 Jd m -
o1 = Ty { 2B @5 + FmOUR) — o] b @F + s, + )

Classic linear theory, (Meyer-Vernet & Sicardy 1987)



Kinematics of discs
surrounding stellar binaries

Pinte et al. 2019

eeeeeeeeeeeee

e Planets (mass ratio g<0.015):

* agap in the continuum and

....

e a wake in the kinematics visible as a
velocity Kink

ppppppp
ssssss

HD 97048 midplane
dust rings




Kinematics of discs
surrounding stellar b -
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e Planets (mass ratio g<0.015):
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e a wake in the kinematics visible as a
velocity Kink
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o Stellar binaries:

BHB2007 Alves et al. 2019 L1448 IRS38B Reynolds et al. 2021

e |Large gap or cavity (g>0.05) continuum

e Messy kinematics:

e Quantify how messy (Calcino et al.
2023,2024)




Kinematics of discs
surrounding stellar binaries
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Kinematics of discs
surrounding stellar bir

 Binary systems have very strong residuals
when circular coplanar motion is subtracted

* Doppler-flips, spiral arms, eccentric gas

motion, fast flows inside of the cavity, and

e Cool, but not informative. We should start

attempting some guantitative modelling

Calcino et al. 2023

I(V,v) = {1, if V(xi, yj) 2 v

0, otherwise
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THE smoking gun signature(s) of binaries...

Penzlin et al. 2024

e For planets disc unperturbed state is a=10" a=10 ___a=10.h=005 ____ h=01 h=003
_ _ _ : €cav = 0.40 €cav = 0.50 €cav = 0.39 €cay = 0.44
circular/coplanar! BUT not for binaries ~ PRy dov=431ann 2oy =538aun | BaS3643n | aav=472200
& 1
> 0
e Around stellar binaries,
e discs eccentricity grows (e.g., Munoz etal. . BeEC= . =443, 2= 4083
2017, Ragusa et al. 2020, Toci et al. 2024, Penzlin et £ L S
al. 2024) > ¢
Ragusa et al. 2020_ % gz:: e ggj e '_ gz:: > 91(3)3 B )
-4 ﬂ‘g é |o.|;
. €cav = 0.39 €cav = 0.14
dcav = 4;{g\abin - T ' dcav = 4:?4 dbin dcav =372 apin -
s 0

X [abin]



THE smoking gun signature(s) of binaries...

Young et al. 2022

e For planets disc unperturbed state is
circular/coplanar! BUT not for binaries

Around stellar binaries,

e discs eccentricity grows (e.g., Munoz et al
2017, Ragusa et al. 2020, Toci et al. 2024, Penzlin e

al. 2024)

e Discs become warped (e.g. Nixon et al. 201

Facchini et al. 2018; Young et al. 2022, recently
incorporated in EDDY Zuleta et al. 2024)

Rabago et al. 2024
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What are eccentric
discs?

* \We generally assume accretion
discs are circular...

e |f the material has eccentric
orbits you have an eccentric
accretion disc

-8 -7 -6
log column densit




Analytical model

- Set of multiple Keplerian nested ellipses

- For fixed semi-major axis:

- e(a)

- w(a)

- Pressure prescription, e.g.:
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| —— simulation
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Analytical description »=uwvr

e Orbital motion: Keplerian+ simplified n = (Qod)_2< a dP)

pressure correction 2 da .
- e(a) . , M,
vr(a, $) = R = all sin[¢p — @(a)], P = {(c)’%, Sy =
' O\/ 1 —e?(a) (G0 20 2ma
vox(@. §) = RO = aQy, L+ ela)eosly — mla)] o oo 5

V1 - @) —n
= - . 1.5 - — =04 0.5
» Vertical motion: Driven by change of .. . ,

the vertical gravitational pull along the| “*©

H/Hq

—0.5 -

orbit (e.g. Ogilvie & Barker 2014) o5

0°H OH 0Q GM ¢’ - s~
QZ ——0 H 4 S . ] 0 1 2 3¢ 4 5 6

02 op dp  R3 H

aH Z Q . VQ,K . ;
T — da, =—=40 ]
ve =12 op H' (@.9) R e Jacobian: sets the geometry
: - 1 —e(a)le(a) + 2ae,(a)] cos(a) = [1 + e(a)’Jae@) — [1 ~ e(a)’Je(a
* Morphology: Orbit compression J(a,$) = R(a, p)’ 21 = e(a)2]2a 1 B 1 —e(a)e(a) + 2ae,(a)]
along the orbit + conservation of flux {1 = geosig — (@ —al} @)l - e(@)law,(a)
aldy(a) ’ a8 = T et + 2ae @)

2 0) = o) B



Aspect ratio

e Aspect ratio H/R, the model predicts well highs and lows of H along the orbit
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Vertical velocity v,

e Residuals of v, show a spiral pattern not captured by e Rescale the system:
the model likely due to the presence of the binary. Note ., = 15au, a.,, ~40au,
that the circular case v, = 0 performs much worse. d = 130 pc
1.0 I 0.4 1.0 i
0.5 0.2 'T: 0.5- T:
& — &
> = >
0.0 . 0.0 T 5 00; =
O SR G
P e —07?2 2 2
104 TR @o —0.4 —1.0-
~1.0 —C 1.0 -05 00 05 1.0
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Observational perspectives

Residuals of projected velocities (sim-eccentric/circular e Rescale the system:
model), guide the eye to appearance of eccentric discs. a. = 15au, a.,, ~ 40au,
Prominent residual spiral features due to vertical d = 130pc

motion, triggered by binary (similar buoyancy spirals in
Bae et al. 2021, but our is isothermal so no buoyancy!)

Eccentric model Circular model Ragusa et al. (2024)
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Take home messages

Kinematics datasets are cubes where each pixel has a
spectrum, informing us about gas properties at that
location

Circumbinary disc kinematics share the same theoretical
framework used for planets but more “messy”

Approach to modelling should abandon circular
coplanar models and use eccentric warped models

Eccentric discs (inclined in the future)

e Detectable velocities even when face-on, besides
difference between pericentre and apocentre

* Vertical velocity spirals that remain to be explained

* There is more to understand: not all CBD observed _ ==
are eccentric, in contrast with numerics, what are | CheCk the pap
we missing? (See Sec. 8.1 of Toci et al. 2024) L _ =




o \ertical velocity v, again not perfect, but it works well!

10 -

_10_

Vz, sim/Cs

Vertical velocity v,

Vo= Q——.
op H

~10

X O A

10

0.8
0.6

0.4
0.2
0.0
-—0.2
- —0.4

—0.6
—0.8

10 -

_10_

V> theor/Cs

TN

\

~10

X O-

10

0.8
-0.4
- 0.2

-0.0
-—0.2

- —0.4
-0.8




Morphology

e Morphology is based on both flux conservation along the orbit and stretching of the

disc geometry due to eccentricity and pericentre phase gradients.
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Velocity field v,

e Note how better than the circular case without pressure corrections

(Ve,sim — Vp, p)/ Vg (Ve,sim — Ve,circ)/VG
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Eccentricity in protostellar discs as

smoking gun for binaries/planets?
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Velocity field v

e Same applies to vp

(VR,sim — VR,th)/(ecavVB,circ) (VR,sim — VR,circ)/(ecavVO,circ)
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