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• timing residuals in a 
millisecond pulsar

• millisecond pulsars best 
clocks in the Universe

• basic 0th order physics

• (msp nearly glitch-free)

• dP/dt ~ 10-19 (!)

• 1/P dP/dt ~ 2x10-17 (s-1)
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back to the beginning - PSR B1257+12 
Wolszczan & Frail 1992
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back to the beginning - PSR B1257+12 
Wolszczan & Frail 1992

• Phase residuals from 
orbital motion

• amplitude +/- 3 ms

• amplitude/period ~ 0.5  
 

• Period variation (Doppler)

• ∆P ~ 2x10-8  ms

• v ~ 1 m/s

• ∆P/P ~ 3.3x10-9 

• P/∆P ~ 3.3x108 = 21d
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• binary motion modulates ‘clock’ period

• binary motion modulates ‘clock’ phase

• all clock modes affected equally

+

detecting reflex orbital motion
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Pobs = Po - ∆P
Pobs = Po

Pobs = Po + ∆P
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+

binary motion modulates ‘clock’ period

ΔP =
vorb

c
=

2πa
cPorb
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binary motion modulates ‘clock’ period
�8

+
Pobs = Po - ∆P
Pobs = Po

Pobs = Po + ∆P

ΔP =
vorb

c
=

2πa
cPorb

Pobs = Po + ΔP sin(2πT/Porb)
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binary motion modulates ‘clock’ phase
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binary motion modulates ‘clock’ phase
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+
                𝝓obs = 𝝓o 

𝝓obs = 𝝓o - ∆𝝓 ; 𝝓obs = 𝝓o + ∆𝝓

                𝝓obs = 𝝓o

Δϕ = 2π
a

cPo
; ΔTo =

a
C

To,obs = To − ΔTo cos(2πT/Porb)



p.multimode pulsators: 
identical phase variations
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• light travel time across (projected) orbit is same for all 
modes

• modulation amplitude / phase / period must match

• “instant” verification of extrinsic process

• Example:  KIC 9651065 - 9 modes, P ~ 300d  
                                           (Murphy & Shibahashi 2015)
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some numbers
�14

1.3y 40y10y

0.6Mo primary 
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some numbers
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some numbers

0.6Mo primary 

10 s (O-C) timing

20 year span

1.3y 40y10y
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some numbers
1.3y 40y10y

0.6Mo primary 

1 s (O-C) timing

20 year span
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detecting reflex orbital motion
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• binary motion modulates ‘clock’ period

• binary motion modulates ‘clock’ phase

• all clock modes affected equally

• minimize intrinsic pulsation ‘noise’
• secular period changes

• stochastic phase variation

• stochastic amplitude variation

• other evil effects
+
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stellar evolution drives period changes: 
 revealed by (O-C) diagram
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• secular change via stellar 
cooling - stellar evolution 
while you watch

• reflex orbital motion - low-
mass companions

(O � C) = (�t)2
1

P

dP

dt
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Period changes with time - evolution!
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• if period is constant with time: 
 
 

• but, if period changes (at a fixed rate), then  
 
 

and  
 
 

• so the difference between the computed maximum and 
observed time is:

(O � C) = (�t)2
1

P

dP

dt

t
max,i = t

max,0 + (i⇥ P
0

)

dt
max,i

dt
= i

dP

dt

t
max,i = t

max,0 + iP
0

+ i2P
dP

dt
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from J. Christensen-Dalsgaard

DBV

ZZ Ceti

Pulsating stars in 
the HR diagram



p.for nonradial pulsations
(g-modes) in WDs

�22

•contraction —> period decrease with time  
(expansion - period increase with time) 

•cooling —> period increase with time
• thermal loss via photons
• neutrino / axion cooling processes
• rotational spin-up or spin-down

1

P

dP

dt
=

a

R

dR

dt
� b

T

dT

dt



p.G117-B15A
(S.O. Kepler et al. 2005)
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• 40+ years of monitoring
• dP/dt ~ 4 x 10-15   

• P = 215 s; σP,mo <~ 3ms 
• P/∆P ~ 7x105 ; v > 0.4 km/s
•
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planet limits around G117-B15a
Fergal Mullally - (2007 PhD Thesis)
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G117-B15A - planet limits

0.6Mo primary 

1 s (O-C) timing

40 year period

1.3y 40y10y



p.ZZ Ceti (R548)
Mukadam et al. (2013)
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August 2007



p.ZZ Ceti (R548)
Mukadam et al. (2013)
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August  2007 - January 2012



p.ZZ Ceti (R548)
Schrandt, ISU MS Thesis, 2019
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TESS Sector 1 (~ 20 days)
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3630 36503640 4690

ZZ Ceti (R548)
Cory Schrandt, ISU MS thesis, 2019

274s
doublet

213s
doublet

274s 213s
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p.ZZ Ceti (R548)
Schrandt, ISU MS Thesis, 2019
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TESS Sector 1 (~ 20 days)

waveband / alias correction
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ZZ Ceti (R548)
Mukadam et al. (2013)

• 2 stable oscillation 
modes

• 41 years of data

• dP/dt = 0.5 - 1 x 10-15
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ZZ Ceti - planet limits

0.6Mo primary 

2 s (O-C) timing

50 year span

1.3y 40y10y



p.hot white dwarf PG 1159-035: 
a g-mode pulsator
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P P-390

390 0
424 34 ?
451 61 3 x 20.3
495 105 5 x 21.0
516 126 6 x 21.0
539 149 7 x 21.3
645 255 12 x 21.3
832 442 21 x 21.0

March
1984
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Corsico et al. [WET] 2008

WET K2-2016

PG1159
through 

the years

WET

WET
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middling time scale variability… at 86,400 x
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PG 1159 
phase stability

(Costa et al. 1999, 2007)
 

dP/dt = +13 x 10-11

theoretical values for dP/dt  
generally range from  
+0.05 to +10 x10-11

Direct period 
change with time
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• Model dP/dt is (way) too small compared to observation

• need to check with dP/dt for other modes
• theoretical value is always a lower limit to dP/dt

1/5 of observed

1/5 of observed

Some models of PG 1159
(Kawaler and Bradley 1994)



p.Other models of PG 1159
(Córsico et al. 2008)
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• Model dP/dt is still too small compared to observation

• need to check with dP/dt for other modes
• theoretical value is always a lower limit to dP/dt

1/5 of observed
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P vs.t for the 516s mode w/ new result from K2
�40

1986 1996 2006 2016

K2
Campaign 10

dP/dt = (+12.8 ± 0.3) x 10-11
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PG 1159 - planet limits

0.6Mo primary 

2 s (O-C) timing

40 year span

1.3y 40y10y
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from JJ Hermes:
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p.G 29-38
Winget et al. (1990)
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p.G 29-38
Winget et al. (1990)
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p.G 29-38
Winget et al. (1990)
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p.G 29-38
Winget et al. (1990)
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∆vpred ~ ± 30 km/s ;  Period ~ 110 d 



p.G 29-38
Graham et al. (1990)
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p.G 29-38
Kleinman et al. (1998)
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Nov. 1988

Sept. 1989

Oct. 1990

Nov. 1991

Sep. 1992

Aug. 1985



A Giant Planet Orbiting 
a Hot, Evolved Star

Silvotti et al.

Nature, September 13, 2007
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from J. Christensen-Dalsgaard

DBV

ZZ Ceti

Pulsating stars in 
the HR diagram
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2006
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HS 2201 - planet limits

0.5 Mo primary 

2.5 s (O-C) 
timing

10 years

1.4y 44y11y
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• secular variation

• time scale of 10^7 years

• expected rate for this evolutionary stage

• sign indicates late stage of post-EHB

• a giant planet



Astro 150 Spring 2019: Lecture 27 page �57
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10 years later… an update
(Silvotti et al., 2018)
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10 years later… an update
(Silvotti et al., 2018)
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2007

2018
solution



p.10 years later… an update
(Silvotti et al., 2018)
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parabola + sin fit 
only through 2009



p.10 years later… an update
(Silvotti et al., 2018)
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2 sin fit  
all data
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what’s wrong with the ticker?
�62

• interaction with base of surface convection 
zone? (Mike Montgomery et al.)

• nonlinear mode coupling / energy 
exchange?

• sub-detection magnetic fields / dynamo 
cycles (probably too short a time scale)

• large-scale engineering by dying 
civilizations to call for help?
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• WD pulsations are tantalizingly stable

• Secular period changes in some cases are 
at the theoretical minimum

• Phase (amplitude) (in)stability usually 
frustrates companion searches

• Prospects remain promising but are 
observationally intensive

• candidates need independent verification 
before contacting the New York Times
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for more info, ask an expert (not me!)
�64

• Fergal Mullally (SETI Institute)
• white dwarf limits on giant planets (2007 thesis)

• a Simon J. Murphy (Sydney)
• main sequence classical pulsators
• Kepler / K2 results

• Sonja Schuh (MPI, Göttingen), Roberto Silvotti (INAF) 
• sdB pulsators, global telescope networks

• JJ Hermes (Boston University)

• S. O. Kepler (UFRGS Brazil)
• long term phase stability in WDs

• James Dalessio (Scala Inc.)


