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2 Tides

Locally familiar




2.1 Astrophysical Examples of Tides

And astrophysically important on scales from planets...

Volcanism on lo Tidally locked exoplanets




... to galaxies
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Remnants of tidally shredded satellite galaxies in the Milky Way
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A map of stars in the outer regions of the Milky Way Galaxy, derived from the SDSS images of the northemn sky,
shown in a Mercator-like projection. The color indicates the distance of the stars, while the intensity indicates the
density of stars on the sky. Structures visible in this map include streams of stars torn from the Sagittarius dwarf
galaxy, a smaller 'orphan’ stream crossing the Sagittarius streams, the 'Monoceros Ring' that encircles the Milky
Way disk, trails of stars being stripped from the globular cluster Palomar 5, and excesses of stars found towards
the constellations Virgo and Hercules. Circles enclose new Milky Way companions discovered by the SDSS; two
of these are faint globular star clusters, while the others are faint dwarf galaxies.

Credit: V. Belokurov and the Sloan Digital Sky Survey.




2.2 Tidal Acceleration and Tidal Potential

Consider an object with centre at B on a circular orbit

around C of radius O

The motion of point D that is offset from & by some
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Two masses M. and M\ are in circular orbit about their centre of mass O separated by a_

Consider the mass Mb centredat B whichis being tidally affected by the mass ‘\/\Q centredat C_
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Consider the accelerations at B , for now only the contributions of gravity from Mc and centrifugal terms

— CMe Cou 4 o) M.
A — S
Inthe 2L direction: Qo lb = LlamO)" -\.U'l]?‘l"— + (‘\/\Q"’"\}&\ a<L
WM. !
= Qcc\;? _— Q%p»\sz\\/e_

Inthe | direction: %\B = E(G‘\"%'Y"‘"\‘j')'jg(m ==



Tidal Potential
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These are the tidal accelerations experienced at D due to not being at the centre of an orbiting body which is in

1\

Remember O \p
Ay ly =
centrifugal balance

The form of the tide is that of a repulsive harmonic potential in ?C and an attractive harmonic potential in \\j and

so can be written
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2.3 Tidal Bulge

A fluid surface conforms to the equipotential of the tide plus the gravity of M,c
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2.3.1 Height of the Tidal Bulge

Remember K >l:_, o +'L 1] - O\M& /[_% +321

]
Consider points ‘? and P both a distance Rb from the centre

“Tides cosse fne ea\w'\\ﬁﬁﬁhloj fpRssing
Togs P o pas ~ gt
dbsve. P! = +da bwge

LCR e ~ B () eansT —




GMe GV M GMe
(0@‘ TR T o :”< Fk&ﬂ}l T (Peth)

Either: (i) Do binomial expansionin N /@b Lz |

G

—_—

Or: (i) Equate the difference in G.P.E. at the two points <~ "8" N = R A

Me ™ 2
to the difference in tidal potential ~"- %3' [ EX Qg”‘(

2 (M
A == E}Q’f/o\g

aee = 3 G(EY



2.3.2 Tidal Bulge on Earth

Remember A/Q-l; = é‘z (%15(%)3

For Earth + Moon: K- 0 6 P

This is a good estimate for the mid-ocean tide, but this

can be amplified at coasts, e.g., Bay of Fundy

Also get tidal bores where a river flows into an estuary,
which is a jump in height analogous to a shock wave
due to a disturbance moving faster than information

can propagate
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The Earth is affected by tidal perturbations from both the Moon and the Sun, so which dominates its tidal bulge?

Remember A/Q-b =2 39: (%\15(%)3
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The Sun causes the neap / spring tide cycle
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Did this drive evolution by forcing tetrapods out of
Mﬂ&@ = Sun + Moo il UY'H'/\G\’}WX high pools (the earliest fossils are found at

extremes of tidal amplitude)?



2.3.3 Tidal Bulges on Solid Bodies

Solid material cannot respond to the change in potential, so it becomes cracked and heated leading to vulcanism

Europa

Jupiter

B0 arc

e.g., lo’s orbit is forced to be eccentric Tidal forcing at pericentre is evidenced by the volcano Tvashtar spewing

by Jupiter’s other moons material up 330 km and molten sulphur pools on the surface



2.4 Transfer of Energy (E) and Angular Momentum (J)

Tides cause transfer of angular momentum J due to dissipation of energy E

2.4.1 General Considerations

Consider a transfer of angular momentum AJ™ between systems 1 and 2

g 3 & T,

The change in total energy AE = [%/%’\1 — 85:/33\1 ] N



Remember: DE = [aﬁ'/@\_)’\i — BE/Q\_J'L ] AN

The system could be:

(i) A rigid body of fixed moment of inertia —I =

2NN

MR

spinning with angular velocity
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Remember: ﬁf— E L, — 2, j AT

The arrow of time means that the energy of the combined system must decrease

(as energy is dissipated as heat increasing overall entropy)

> AE <o

E.g., consider an accretion disk, for which the two systems could be neighbouring annuli

Q. = Jam/e®



2.4.2 How Angular Momentum is Transferred by Tides

E.g., Consider the Earth+Moon system

CQ Spin of Earth = L > W =Orbit of Moon
b ud 51 &
NG T Hence,_\—y is transferred from rapidly spinning Earth to
o slowly orbiting Moon, and this is causing both the day

and the month (lunar cycle) to get longer
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2.4.3 Tidal Locking
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Earth’s Moon: Qwmma = W en@ We_ GY\E\j Lo e S\d@ View from Earth

Note that at New Moon we only see Earth-shine

Pluto and its moon Charon: <) 5,4, = S) b= W (light reflected from Earth to Moon and back)



Many close-in exoplanets are tidally locked to their stars, . _=tJ) ,

always showing the same face to the star

One hemisphere is in permanent night, the other permanent daylight,

with implications for atmosphere dynamics and habitability

What is the size of the habitable limb on a tidally locked planet a distance A from a star of luminosity L‘\s ?

| %
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s Radiated flux = = 1 L@ft
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2.5 Binary Potential

Two masses M\ and M')_ are separated by (N forming a binary system that orbits its centre of mass @)

Consider the frame co-rotating with the binary’s angular motion L = mt\/\ M) (03
/
- ©
Q ° M'L

2.5.1 Roche Potential

The gradient of @mj,,,_ (C) gives the acceleration in this frame on a stationary particle at
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Consider §:,,cy\<_ in the orbital plane

The extremes of §m(g>are the Lagrange equilibrium points; e.g., between M‘ and ML lies L)

This separates the region of influence around each star known as the Roche Lobe



w2,
2.5.2 Size of Roche Lobe O ) G %

M,

To work out the location of the L\ point, let %;, be the distance from MZ and assume M1,<< M\ , then equate

the gravitational acceleration from ML with that from M\ plus the centrifugal acceleration due to _§) = G\(M,“'Mﬁ /0\g

G, /%}‘_j = GM, / [o\xzt:(m = Q7 lf:u \
where l{:u\ = S (t%m} - Yy,

Substituting in for Q and doing a binomial expansion in KQ/Q: C\%/’ﬂz =t 3C\M uki/a?’

, Mo\
TR



M, \ls
LN Qa—w) o

This is the radius of a secondary’s Roche Lobe in the limit ML <L H\

For larger |\/\,Lthe exansion is not valid i 8 bod as g/‘ ML= M, ,7?,]_\: 0Fa c;[- 0O {kpg;#d

Quick estimate using densities:
. . M 2
Density of '\’\7_ if spread through Roche Lobe: 2 '27_,__'

Density of Ml if spread through O\ : Ml / o3

Implication of this calculation in terms of densities is that an object will overflow its Roche Lobe and be tidally disrupted if

s dU\SVE‘j 0 < 3 % mean OQ&S\Jgj t# YSn v 3 0\@’@9



2.5.3 Examples of Roche Lobe Overflow

2.5.3.1 Nomenclature

Roche radius a\ Do oo
on dod "ovesfins

Planet: Hill radius of —Sj v h&% éTC‘\F){@; ]

T€ Re > Q/\z /%M)llgq

Binary star:

Cluster: Tidal radius



2.5.3.2 Tidal Stripping of Star Clusters and Dwarf Galaxies

Tidally disrupted star cluster Dwarf galaxies are tidally stripped when they fall onto the
. - - - onto the Milky Way as §u> < 3 <\§MA>
o B i
g I ] SDSS Field of Streams - Gallery
s =t :
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A map of stars in the outer regions of the Milky Way Galaxy, derived from the SDSS images of the northem sky,
shown in a Mercator-like projection. The color indicates the distance of the stars, while the intensity indicates the
density of stars on the sky. Structures visible in this map include streams of stars tom from the Sagittarius dwarf
galaxy, a smaller 'orphan’ stream crossing the Sagittarius streams, the 'Monoceros Ring' that encircles the Milky
Way disk, trails of stars being stripped from the globular cluster Palomar 5, and excesses of stars found towards
the constellations Virgo and Hercules. Circles enclose new Milky Way companions discovered by the SDSS; two
of these are faint globular star clusters, while the others are faint dwarf galaxies.

Credit: V. Belokurov and the Sloan Digital Sky Survey.




2.5.3.3 X-Ray Binaries

A main sequence star expands as it evolves into a giant, overfilling its Roche Lobe and feeding material onto a WD or NS

companion, with angular momentum causing an accretion disk that accretes onto the compact object

e WM, /M\ < b\ler{gs,,: < ,S:ﬁmm@ﬁ'o

companion
star

disk
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2.5.4 Stable Equilibria in the Roche Potential

While L\,Lf)_) L areunstable, L. and Le  are stable

Why, if they are maxima in the Roche potential?

Stedoilwed éﬁ Cotiolg %\’ZQA

E.g., Trojans of Jupiter at its L-q-) Ls

Trojans of Earth 2010 TK7 and 2020 XL5




2.6 Outcomes of Close Encounters

2.6.1 Tidal Capture

Mild tidal interactions can put enough energy into tides to cause two objects to become bound

Consider a mass ML on a highly eccentric or hyperbolic orbit around M\
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What is the energy in the tide when 2 object approach each other at Qpe,-. ?

M\ &
Remember, the height of the tide raised on Ml is A ((L’L =i CM')_, G

(This assumed a circular orbit but is a good estimate)
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2.6.2 Tidal Disruption

Remember: Ebb\gq i C\N\Z Q‘S / Okpehe
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Thus the potential energy in the tide is of order the binding energy of the object (s n, >if it fills its Roche Lobe

Oded +dally) destod ot peseantre, f Thd) > GM, (1o



2.6.3 Summary of Outcomes

Physical collision if Ager < B+ ey

Tidally destroyed if Fopl > M (e

(M
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Tidally captured intact if 2y 7 ébd?zﬁ 2 = M’L\loo
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2.6.4 Which Object Dominates Tidal Dissipation

Bt - G Ry [ Open

Remember:
g
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Which dominates depends on the mass-radius relation Q (M‘)
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2.6.5 Scenarios

2.6.5.1 Tidal Capture of Stars in Clusters into Binaries

(Yo ( G e
Rememober, tidal capture requires O\eer\ / R—L < (

Consider M, =M, = Mg p =0, = IRg

And that in a typical globular cluster Ve =& 10 lom /5
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2.6.5.2 Tidal Capture of Free-Floating Planets by Stars

M, \
Remember, tidal captures requires Qe / K < ( —ﬁ;\

Consider M, =1Mg, &, =\s and M, = \63% , Ry = 0-1%

And that stars and free-floating planets encounter each otherat Vs L 2o k""\ / S
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2.6.5.3 Tidal Origin of Hot Jupiters

51 Pegasi

-3
Hot Jupiters are »\0 Mo planets on circular orbits at <0.1au
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Unlikely to form in situ or to have been tidally captured

Thus likely to have formed further out and migrated in
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A wide binary companion could be the origin of the eccentricity

E.g., assume the planet forms on an orbit aligned with the stellar spin, but the outer binary’s orbital plane is inclined by L
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The gravity of the binary companion causes the planet’s orbit to undergo Kozai-Lidov cycles, reaching high

eccentricity and bringing the pericentre close to the star



Tides at pericentre can dissipate energy circularising the planet’s orbit near pericentre, resulting in an orbit that is

misaligned with the stellar spin axis

This potentially explains misaligned Hot Jupiters observed via the Rossiter McLaughlin effect:
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2.6.5.4 Tidal Capture of a Star by a Compact Object

whte duorf [ nembyon St

This is similar to the scenario of capture of stars in clusters into binaries, and so capture requires Owpe s, / Q@ < d- [ﬁ

However, a collision is unlikely as R, < Q{D
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Thus can get capture intact if \/bo < Ve
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PATAS

Tidal capture binaries evolve into X-ray binaries in which a star overfills its Roche Lobe when it swells as a red giant

creating a disk that accretes onto the companion star



Tides explain the origin of X-ray binaries and why these are preferentially found in the cores of globular clusters

companion
star
accretion
disk

accretion
stream

X-RAY BINARY SCHEMATIC

CHANDRA X-RAY

E.g., Fabian, Pringle & Rees (1975)



2.6.5.5 Tidal Disruption of Stars by a Black Hole in Galactic Nucleus

Stars are tidally destroyed if they overflow their Roche Lobe
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But a star is swallowed whole if the pericentre is inside the Black Hole’s Schwarzschild radius
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