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* ELAIZEE D short review

HFQPOs in black-hole objects, kHz QPOs in neutron stars
QPOs in galactic nuclei, V/R variations in Be stars

* HERIREOEARNEE

(horizontal) epicyclic frequency, vertical epicyclic frequency

effects of general relativity, separation of propagation regions
trapping of oscillations

positive and negative wave energy

* AR IREN D 72 %E

p-mode, g-mode (r-mode),
c-mode (corrugation mode, vertical p-mode
Rossby-type mode

* ARIRED D FhCists

viscous overstability, corotation resonance
wave-wave resonant instability, turbulent excitation
* wave-wave resonant instability D)t

superhumps,

excitation of trapped g-mode oscillations

high frequency quasi-periodic oscillations (HFQPOs)



1. Observational Evidence
Suggesting the Presence of
Disk Oscillations



O High Frequency Quasi-Periodic Oscillations

NS binaries
KHz QPOs
15 ;. pair V), correlated change (not 3 : 2)
Hectohertz QPOs
154 . 100Hz BE. ZE/)
BH binaries
HF QPOs
BE: pardl), 3:2

O Superhumps in Dwarf Novae

O  V/R varniations in Be Stars
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HFQPOs in BH binaries
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Various high-frequency QPOs in X-ray binaries. (a) Twin kHz QPOs
in Sco X-1 (van der Klis et al. 1997), (b) hectohertz QPO in 4U
0614+09, (c) HFQPOs in GRO J1655-40 (Strohmayer 2001a).In panel
(c), the lower curve is the power in the energy range of 13-27 keV and
a QPO can be seen at 450 Hz, while the upper curve is the power in
the range of 2-12 keV and a QPO is seen at 300 Hz. (After van der
Klis 2004, in “Compact Stellar X-ray Sources”, eds. W.H.G. Lewin
and M. van der Klis (Cambridge University Press; Cambridge), 39
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Frequency correlation between lower and upper kHz QPO frequencies for the Sco X-1
(filled circles), for Z sources (open circles) and for Atoll sources (stars). The dotted line is the best
linear fit to the Atoll points, the dot-dashed line is the best linear fit to the Z sources (excluding Sco

X-1), and the thick line represents a fixed 3 : 2 ratio. (After T. Belloni, M. Méndez, & J. Homan,
2005, A&A 437, 209,




BHCs

Sco X=1

GX 5-1

4U 0614+09

MS {unclassified)

-
19154105

Abramowicz, M. A. 2004, Astron. Nachr./AN 325
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. X-ray states and HFQPOs during 1996-1997 outburst of GRO J1655-40. The left panel
shows the energy diagram, where flux from the accretion disk is plotted versus flux from the power-
law component. Here, the symbol type denotes the X-ray state: thermal (X), hard (square), steep
power-law state (triangle), any type of intermediate state (circle). The right panel shows the same
data points, while the symbol choice denotes HFQPOs detections: 300 Hz (square), 450 Hz (star),
both HFQPOs (circle), and no HFQPOs (X). The HFQPOs detections are clearly linked to the
steep power-low state, and the HFQPO frequency is clearly correlated with power-law luminos-
ity. (Color online) (After Remillard 2005, Astron. Nachr. 326, 804,
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Fig. 1.6 Long-term variations of ¥ Cas in 1969-1989 (Adapted from T. Horaguchi, T. Kogure, R.
Hirata, et al. 1994, PASJ, 46,9,
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Frequency correlation between the high and low QPOs from CVs to X-ray binaries. The
filled circles are for CVs, the open squares are for neutron-star binaries, and the filled squares are
for black-hole binaries. (After B. Warner, P.A. Woudt, & M.L. Pretorius, 2003, MNRAS 344, 1193,




2. HEBIREZEZAXADLTO
HEE O EBES

O BEIER(CH# S restoring force
Epicyclic frequency

(O corotation resonance and Lindblad resonances
(O Lagrangian representation of waves O EE %

Hermitian operator
Wave energy



Epicyclic frequency

red shift factor

Fukue 1980
Aliev, Galtsov 1981
Okazaki 1987




Effective potential for circular motions in the Schwarzschild metric. The radial
dependence of the effective potential 1/(r) is shown for some values of L. In the case where
L is large, the effective potential 1(r) has a maximum and a minimum. As L decreases
these two radii approach and finally merge for L < +/3rgc, and there is no minimum and
maximum. The dotted curve shows the loci of the maximum and minimum points.
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Fig. 9.6 Radial dependence of epicyclic frequency, (7). ax = 0 shows the case of the
Schwarzschild metric (thick curve). The dotted curves denote the cases of ax < 0 (retro-
grade rotation).
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Corotation resonance and LLindblad resonances

expli(wt — mp)]

Corotation resonance:

phase velocity in azimuthal direction = ang. of rotation

w/m = € or w = mS)

LLindblad resonances:

w/m=QEtk/m or w=mQtk



Wave energy of oscillations

E(t) = / pﬂ[ f_ ; %Mdt] dv.

ot [ 0 0
a_f (F’“at_g + 2po(up - V)EE + L(E))

E = %/pﬂ[(%)g +£-L(£)]a',V.

1

B [l -GG +EE)Y

E <0 for w<mf
E >0 for w>mf




Lagrangian Description of Oscillations

Lynden-Bell, Ostriker 1967

dp + podivE = 0.

0%¢

0
gy + 2p0(uio V) 5 + L(E) =0,

L(&) = po(uo - V)(uo - V)E+ po(§ - V)(Vipo) +V [(1 — Fﬂpﬂdi‘rf]
—poV(divE) — V[(€ - V)po] + (€ - V)(Vpo).




&= El?[éexp(z'wt)] = ii?.[éexp[(z’wt — im)]

wave equation

~w?po€ + 2iwpo(uo - V)E+ L(€) =0,

L is Hermitian (self-adjoint operator)

[ir-L@av = [ & L@,

This characteristic is extended to cases of
MHD perturbations




3. Classification of Disk Oscillations
and Trapping



inertial acoustic mode

vertical p-mode
g-mode (I‘ mode)




Table 4.1 Classification of Disk Oscillation Modes

node number in the vertical direction
frequency n=>0 n=1 n> 2
higher & p-mode c-mode vertical p-mode
(inertial-acoustic mode) (corrugation mode) (vertical-acoustic mode)

lower @ none g-mode g-mode

(gravity or r-mode) (gravity or r-mode)
complex @ Rossby mode




n=0 p-mode oscillations

p- mode oscillations
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Fig. 6.1 Schematic diagram showing propagation regions of p-mode oscillations (n = 0) in rela-
tivistic disks. Cases of m = 0 and m = 1 are shown. The radius, r;,, is the inner edge of the disks,
which will be the radius of ISCO (inner stable circular orbit) in the cases of geometricaly thin
disks. r, is the Schwarzscild radius defined by r, = 2GM /c?, where M is the mass of the central

object.




n=1 g-mode oscillations

g- mode oscillations
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Fig. 1.3 Schematic propagation diagram showing the propagation regions of g-mode
oscillations in relativistic disks with no magnetic fields. Cases of m = 0and m =1
are shown with n = 1. In the case of non-axisymmetric (m # 0) oscillations, the
radius of corotation resonance (w = mJ{2) appears in their propagation region, unless
w is in the range of 2in < w < (2 + K)max.




n=2 vertical p-mode oscillations

Vertical p-mode oscillations
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Fig. 1.2 Schematic propagation diagram showing propagation regions of vertical p-
modes (n > 2) oscillations in relativistic disks. Two cases of m = 1 and m = 2
with K, (= n) = 2 are shown. In the case of n = 2 oscillations, one-armed (m = 1)
oscillations are not trapped, but two-armed (m = 2) ones can be trapped in the
innermost region of disks. Similar arguments can be made for n > 3 oscillations.
Oscillations with a large n, however, will not be of interest in observational viewpoints.
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viscous overstability
Kato 1978
corotation resonance
Drury 1985, Papaloizou, Pringle 1984 LA
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wave-wave resonant instability in deformed systems

Kato 2013
¥2& wave excitation in warped disks
Kato 2004, 2008, Ferreria, Ogilvie 2008

turbulent excitation
£ DFE I Goldreich Keeley 1977



Viscous pulsation instability

Thermal pulsation instability & LEER

Thermal pulsation instability
thermal energy flow Zmodulate L T kinetic energy \

jg / (e - —dwF) dm > 0,

Viscous pulsation instability
Angular momentum flow (C 5 energy & kinetic energy "\



Formulation

Dyé
Dt?

+§(%Vp-|—?w) =N,

Dy gDﬂ _ IRIYArT
o 80— 8p = B[(I3 ~ 1)(~divF + &)

J a
p{]a—é +200(1tg-V) 36 + Z(8) = poON = V(8p)

£ ~fep(ion] = | Eeplior )]

-0 po€ +2ipo(uo- V)& + £ (E) = poN - V(8p),,



-0 poé +2iopo(uo- V)& + £(8) = pooN - V(0p),,

-0 [ o &d'r 200 [ oo (10 V)8 ]
=3 / § [PuﬁN —V(ﬁp)na] &,

~20 {ﬂ)o f pof -Ed*r—i / Pﬂé*("“'v)édj"] =S/ E*[po S’N_V(gp)mdjﬁ

E= ; / [mg-paé*-é —mnpoé*(uo-V)E]dv.
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Corotation resonance

p- mode oscillations

g
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P-mode oscillations  grow
G-mode oscillations  damp
Vertical p-mode damp



vortensity gradient at corotation point



rdr rd dp

' k2 5":'3 )\ dnX
K’ w——+2mﬂ ]n( b )1+m s iln(—”ﬁ)dln U}ﬁ,

M5 pl/



Overreflection at Corotation Resonance
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Rossby-type waves



5 .Wave — wave Resonant Instability

three-mode resonant interaction
(w1, M)

(Wz, m2)
(wp,mp) — — —— disk deformartion

resonance condition

w1+ w2+ Qp=0
m;+mge+mp =20

instability condition
(G (22) >0

Wi

E1E2<0 lf&JDZO




Resonant Instability
(B () 0

Resonant Coupling

Oscillation 1 Deformation 1

EI/w1>0 Ez{id2>0
(01' E]/wl 4 0) (OI' Eg/wg { U)

| <+
( Wi ) ( m )
My T My, Ty

1 Oscillation 2

Resonant Coupling
mptmytmp=0, wtw+w=0




Derivation of stability criterion

E(r,t) =A1§,(r,1) + A28, (r,1)

=R [Alé expli( @it —m Q)] +A-zég_ﬂXp[i(ﬂ?2.f — "12-'20)]] )

Pﬂf;f +2pﬂ(,0_v)§ +.£(E) =C(E,&p),

8‘ aé; aéDJ agDL a‘:ﬂ'
Ce(8,6p) = —Polidoig 5 5, Vo - arj( 9r ar, TP an)

2 [ oSty s Sl

d [, . &3] . 3 [ 2 g
a_[(rl 1)po 03, or a—m[(ﬁ 1) pudwédwén],

E(r,) = RY 408, (exp(iont) + R ):( Y Aoéo( )exp(imat)

i=1
+oscillating terms with other frequencies. (11.35)

o712
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Wave-wave resonant instability

922X

1) magnetic fields FEL TERLZEDFE:

E\Ey

>0,
o an

FZbHsiEL,

2) E=ZDE—RoORBEZEEET. HEERAIC
EO2TE=ZDTE— I\U)?JE'FEHB”T‘W?%&:?%&:\
FEEOFRENTHE D5 =D20OF—R
V2R *HEL:?JE'IE’&E%J&#‘&S\ ?JEE!J?%O

Pattern formation @) [&] 28



E Ey
—lAl i —Aq = const.
| (h

E Ep
—IA -——ADI const.
0 p

Ey o Ep s
AR - —DA]EM = const.,
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6. Application of wave-wave resonant instability
(a) superhumps of dwarf novae

3 : 1 resonance

Numerical simulations
Whitehurst 1988

Theoretical
Hirose and Osaki 1990 (particle)
Lubow 1991 (fluid)
w-w resonance model
A particular case of more
general instability criterion

Hirose and Osaki (1990)



(O wi-mode (one-armed (m=1) p-mode)

(low-frequency precession mode)
(w —mN)?* > K?
wi—N<—K or w<N—=k
(O we-mode (p-mode with my)
wo — 20 < —k or we <20 —kK
() wp-mode




One-armed p-mode

.- oscillation

Frequency

e i

=
YT
>t

-

;- oscillation
(one-armed p-mode) |

primary star R a dl us secondary star =

Schematic diagram showing frequencies and propagation regions of the wj-
and wg-oscillations in the case where the wj-oscillation is one-armed low-frequency p-
mode oscillation, and the wsy-oscillation is two-armed p-mode oscillation. The scales of

coordinates are arbitrary, and are not linear. The one-armed p-mode oscillation is trapped
between rc and r¢. The inside is the evanescent region. The ws-oscillation can propagate

inside 7+.




from resonant condition w; +ws +wp =0
and definition wp = n ), :

if my, = 2 is adopted, another resonant condition:
my + ms + mp = 0 requires mp = —3.

A strong tidal wave with mp = —3 has

That is, the condition of resonant instability is




6. Application of wave-wave resonant instability
(b) self-trapped g-mode excitation

in warped disks
Warped Disk

mp=-1,np=1and 0p =0 PRCELEEY

my=1,m=0,0>0,and £y /y <0 {one armed p mode).

my=0,m=1 0y <0, and Ey/p < (axisymmetric g mode).




n =1m =0 (axisymmetric g-mode)} n = 0 (p-mode) with m =1

p- mode oscillations
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Self-trapping of g-mode oscillations
and their excitation(C B§ 9 % S

Self-trapping DFED IR
Okazaki, Kato, Fukue 1987 :
QPOs OEIRTIREEWAH ?
Nowak, Wagoner, Begelman, Lehr 1997 :
Warp resonance C HxE) D [i #2 7] gg:
Kato 2004, 2008;  Ferreria, Ogilvie 2008;
Oktariani, Okazaki, Kato 2008
Kato 2013 (— iRV & 2 R4 EH )
Vertical mag fields A" & % & trapping &< 7% %
Fu and Lai 2009:
Toroidal fields A" & N & trapping & %
Dewberry, Latter, Ogilvie 2019
QPOs M 1 DDE L x{&H :

IR 529 7% Warped disk TO R ZRFEL 1= ?

Ogilvie D& IL—7 2019 ?
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7. Twin QPOs DFHRBAICHEZ TS B TDMDOETIL

O P-mode oscillations excited by corotation resonance
3:2QP0s MOFRBAICEL =EFI
O Two-armed, c-mode Oscillations 1n two-armed deformed disks

kHz QPOs @ correlated freq. change M FRBAICEL TW 5,



7.1 P-mode oscillations excited by corotation resonance

)

3 p-mode 1014,

a, =0 Frequency Ratio

3/,
(M =10M_:)
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340 360 I80Hz
Frequency (m = 2)

AR : 1) insensible to parameter changes
2) closeto 3 :2 — BH QPOs
3) excited by corotation resonance
Lai, Tsang 2009: Horak, Lai 2013



7.2 Two-armed (m=2) c-mode (n=1) oscillations

Propagation Diagram
M=14Ms.a=0, 8=100
n=|
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138 : 1) close to pairs of kHz QPOs
2) to be excited by two-armed deformed disks

2R (CET B >E
S. Kato 2016, Oscillations of Disks (Springer)
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