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Key	science	questions	
There	are	a	number	of	outstanding	ques3ons	regarding	quasi-periodic	
pulsa3ons.	Very	simply	we	could	write	these	ques3ons	as:	

	•  How	o>en	do	they	occur?	
•  What	causes	them?		
•  Are	they	actually	periodic?	
•  Can	we	use	them	to	diagnose	flare	

plasma?	
•  Are	QPP/QPO	observed	in	astrophysical	

objects	like	magnetars,	gamma-ray	
bursts,	stellar	flares,	similar?	

	 2011$June$7$

Answering	these	ques3ons	has	proven	to	be	very	challenging	despite	
decades	of	research.	
One	main	problem	is	that	is	has	not	generally	been	possible	to	dis3nguish	
between	different	emission	mechanisms.	Typically	MHD	wave	theory	or	
patchy	reconnec1on	is	invoked.	

	



Developments:	rethinking	signals	

Background	 Wave-like	signal	 White	noise	

Traditional	approach:	

•  Find	an	interes3ng	event	
•  Decide	on	3mescale	of	interest	
•  Perform	a	background	subtrac3on	to	remove	‘long	term	component’	
•  Analyse	the	remaining	signal	using	a	periodogram	or	wavelet	
•  Look	for	significant	power.	
	

Hence	many	studies	try	the	following:	



Observations:	5lare	Fourier	spectral	properties		
Recently,	it	has	become	clear	in	both	solar	physics	(e.g.	Gruber	et	al.	2011,	
Inglis	et	al.	2015,	2016)	and	astrophysics	(e.g.	Cenko	et	al.	2010,	
Huppenkothen	et	al.	2013)	that	the	power-law	proper1es	of	the	Fourier	
power	spectral	density	(PSD)	must	be	accounted	for.	Power	laws	are	
indica3ve	of	broadband	variability.	

	

	

Example:	PSD	of	gamma-ray	
burst	(GRB)	0907089A	.	Here	
a	white-noise	region	is	
present	at	short	periods	
(high	frequency)	while	at	
longer	periods	(lower	
frequencies)	a	power-law	
dependence	is	evident.	
	
An	early	paper	claimed	a	
QPO	detec3on	in	this	event.	
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Figure 2. Left: unnormalized PDS of GRB 090709A. The PDS was constructed using the 15–350 keV BAT light curve from t0 to t0 + 100 s. A smoothed (10 s boxcar)
version of the light curve was first subtracted to remove the overall rise and decline trend. Three clear regions are visible. For P ! 1 s, the PDS is dominated by
Poisson statistics (i.e., white noise). For P " 10 s, the effects of windowing and detrending dominate the error in the PDS. The power-law slope in the intermediate
regime (α = 2.5), intrinsic to the GRB prompt emission but simulating the effects of red noise, is clearly visible. The red line shows our model for the underlying
shape of the PDS derived using a nonwindowed light curve absent detrending. Noise models assuming a flat PDS (green line, f0 noise) and a power-law PDS (blue
line, f 2.5 noise) are also shown. Right: normalized PDS of GRB 090709A. The dashed line assumes a flat underlying spectrum (white noise), while the solid line
accounts for the intrinsic fluctuations (red noise). Significance intervals assuming 105 trials are indicated by the horizontal dashed blue lines. The significance of the
observed feature at P = 8.1 s drops dramatically after accounting for the underlying power-law spectrum.
(A color version of this figure is available in the online journal.)

of individual pulse episodes within the GRB (Suzuki et al.
2002). PDS measurements of bright Swift events have been
performed (e.g., GRB 080319B, Bloom et al. 2009) and show
results consistent with those from BATSE.

Regardless of its origin, it is clear that we must include the
underlying behavior of the PDS when evaluating the significance
of individual features. The underlying slope is not “noise” in the
sense that it is not caused by the limitations of the measuring
instrument; the observed power-law PDS is an intrinsic property
of the GRB itself. Nonetheless, we can remove this contribution
much as we would eliminate red (α = 2) or pink (0 < α < 2)
noise caused by our measuring device (e.g., Vaughan 2005).

To estimate the power-law slope, we construct a new PDS for
GRB 090709A, including all of the available 15–350 keV BAT
data and without any detrending. This helps to remove the noise
at P ! 10 s and provides a longer lever arm to calculate the
PDS slope. For GRB 090709A, we then find α ≈ 2.5.

In the right panel of Figure 2, we renormalize the PDS
of GRB 090709A using the underlying spectrum described
above (solid line). While the same shape is visible in the PDS,
the significance of the peak has dropped dramatically. After
correcting for the number of trials, we find that the feature at
P = 8.1 s is significant at only the ∼2σ level.

As stated previously, the inferred significance depends sen-
sitively on the assumed noise properties. The value we derive
for GRB 090709A (α = 2.5) is significantly steeper than the
average BATSE value of ∼5/3 (Beloborodov et al. 1998). To
investigate further, we have performed a comparable analysis
on all BAT GRBs with a fluence at least 70% of the value
derived for GRB 090709A (to provide sufficient S/N) and a du-
ration t90 > 70 s (to provide sufficient sensitivity to P ≈ 10 s).
Only six additional events meet these criteria: GRBs 041223,
061007, 080319B, 080607, 090201, and 090618. The results of
this analysis are shown in Table 1 and Figure 3.

Each event in this sample exhibits a peak in the PDS with
period ∼10 s and significance greater than 2σ when normalizing
by a flat PDS. However, the significance of these features drops
dramatically when normalizing by a power-law spectrum with
α ≈ 2–2.5.

Table 1
Power Density Spectra of Bright Swift-BAT GRBs

GRB Perioda White S/Nb PDS Slope Red S/Nc

(s) (σ ) (σ )

090709A 8.1 14.1 −2.5 5.0
041223 16.5 2.0 −2.6 0.4
061007 7.6 4.8 −2.2 1.2
080319B 8.3 4.6 −2.3 0.8
080607 7.7 7.3 −2.2 2.7
090201 8.3 8.8 −1.9 3.5
090618 15.2 3.1 −2.2 1.2

Notes.
a Period of the strongest feature observed in the PDS.
b Single-trial S/N of the strongest feature observed in the PDS assuming a flat
(white) intrinsic spectrum across the entire frequency range (normalized to the
region P = 3–6.5 s).
c Single-trial S/N of the strongest feature observed in the PDS assuming an
intrinsic power-law spectrum (red noise). See the text for details.

If we instead assume the slope of the PDS of GRB 090709A
is equal to the median value derived for BATSE GRBs (i.e.,
α = 5/3), we find that the significance of the feature at
P = 8.1 s increases somewhat to "3σ . We stress that this
scenario provides a relatively conservative estimate for the QPO
significance: though the PDS slope of GRBs can vary over a
relatively large range (0.5 " α " 3.0; Suzuki et al. 2002),
Beloborodov et al. (2000) have demonstrated a steepening of
the observed power law at lower energies. Given the somewhat
softer bandpass of the Swift-BAT, it is not entirely surprising,
then, that the PDS slopes derived for Swift events fall on average
on the steeper end of the BATSE distribution. Yet even if we
assume α = 5/3, the peak observed in GRB 090709A (as well
as all the other Swift events examined here) is not particularly
significant.

The apparent periodicity of GRB 090709A was also reported
by several additional gamma-ray satellites (Golenetskii et al.
2009; Gotz et al. 2009; Ohno et al. 2009), presumably per-
forming a similar analysis to that of Markwardt et al. (2009).

	
But,	Cenko	et	al.	(2010)	showed	that	there	was	no	sta3s3cally	significant	
PSD	peak	when	the	power-law	was	properly	considered.	



Observations:	5lare	Fourier	spectral	properties		
•  These	PSD	power	laws	are	also	ubiquitous	in	solar	flares	(see	examples	
below)	and	ac3ve	region	signals	(Ireland	et	al.	2015,	Auchere	et	al.	2016),	as	
well	as	astrophysical	objects	(e.g	magnetars,	AGN,	stellar	flares).	

•  Key	point	is	that	this	power-law	can	lead	naturally	to	‘bursty-looking’	3me	
series.	O>en	no	oscilla3on	component	is	required	to	explain	the	data.	

	

	

for models S0 and S1. By contrast, when model S1 is preferred,
there is usually a substantial additional peak visible in the
spectrum which is several σ above the mean of the power-law
component.

Based on the ΔBIC test, We separate all the surveyed events
into four categories; S0, S1, S2, and U, or unresolved. Each
category is populated by events where that model is strongly
preferred over all others according to Equation (8). For

example, an event is classified as S0 if model S0 produces
the lowest value of BIC, and the ΔBIC relative to both other
models is at least 10 in favor of S0. Additionally, to confirm an
event in the S0 category the goodness-of-fit cn

2 must be
satisfactory, defined as having a p-value>0.01. If the p-value
for the given model fails this test, it is excluded from the
category. The same criteria apply for categories S1 and S2. The
remaining events are classified as unresolved events—these are

Figure 1. Examples of the model comparison analysis applied to a selection of flares observed by GOES in the 1–8 Å range on (a) 2011 August 03, (b) 2011
September 23, (c) 2012 July 10, (d) 2012 October 22, and (e) 2014 March 11. For each event, the original time series signal is shown in the left panel, while the fits to
each model S0, S1, and S2 are shown in the remaining panels. The vertical dashed red line in the third panels denotes fp, the location of the additional spectral bump.
The black vertical line in the fourth panels shows the location of the break frequency fbreak. The p-values corresponding to the c2-like values obtained via Equation (9)
are shown in the upper right of each panel. As the ΔBIC values show, flares (a), (b), and (d) are categorized as strongly favoring model S1, while flare (c) favors the
single power law model S0 and flare (e) strongly favors the broken power law model S2.
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S1 was strongly preferred in both data sets are marked in red.
These events are summarized in Table 2. Here, the uncertain-
ties associated with the data points are based on the best-fit
parameter σ, which defines the breadth of the enhancement in
frequency space. From Figure 5(c), there is clearly a relation-
ship between PGBM and PGOES, and in most cases the detected
timescales are consistent between the two instruments. Using a
Spearman rank correlation test, we find that ρ=0.86 when
only the strong S1 events are considered, and ρ=0.41 when
all 34 events are considered. This reduction in correlation is
primarily the result of three outlying events where PGBM is

much larger than PGOES. Figure 5(d), further illustrates the
relationship by plotting the ratio P PGOESGBM , illustrating that
most events are consistent with a ratio of 1. This consistency
between the timescales detected by two instruments observing
in different energy ranges give us confidence in the employed
methodology, and also has implications as to the physical
mechanisms occurring in these flares. Additionally, the
persistence of this relationship in events that we have not
identified as strongly favoring model S1 in Sections 4.1 and 4.2
suggests that these features may also be physical, and that the
criteria adopted in this work are rather strict.

Figure 2. Examples of the model comparison analysis applied to a selection of flares observed by Fermi/GBM in the 15–25 keV range on (a) 2011 September 23, (b)
2012 July 04, (c) 2012 October 22, (d) 2013 April 05, and (e) 2014 March 11. For each event, the original X-ray time series signal is shown in the left panel, while the
fits to each model S0, S1, and S2 are shown in the remaining panels. The vertical dashed red line in the third panels denotes fp, the location of the additional spectral
bump. The black vertical line in the fourth panels shows the location of the break frequency fbreak. Flares (a), (d), and (e) find that at least two models are competitive,
while flare (b) strongly favors model S2 and flare (c) strongly favors model S1.
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S1 was strongly preferred in both data sets are marked in red.
These events are summarized in Table 2. Here, the uncertain-
ties associated with the data points are based on the best-fit
parameter σ, which defines the breadth of the enhancement in
frequency space. From Figure 5(c), there is clearly a relation-
ship between PGBM and PGOES, and in most cases the detected
timescales are consistent between the two instruments. Using a
Spearman rank correlation test, we find that ρ=0.86 when
only the strong S1 events are considered, and ρ=0.41 when
all 34 events are considered. This reduction in correlation is
primarily the result of three outlying events where PGBM is

much larger than PGOES. Figure 5(d), further illustrates the
relationship by plotting the ratio P PGOESGBM , illustrating that
most events are consistent with a ratio of 1. This consistency
between the timescales detected by two instruments observing
in different energy ranges give us confidence in the employed
methodology, and also has implications as to the physical
mechanisms occurring in these flares. Additionally, the
persistence of this relationship in events that we have not
identified as strongly favoring model S1 in Sections 4.1 and 4.2
suggests that these features may also be physical, and that the
criteria adopted in this work are rather strict.

Figure 2. Examples of the model comparison analysis applied to a selection of flares observed by Fermi/GBM in the 15–25 keV range on (a) 2011 September 23, (b)
2012 July 04, (c) 2012 October 22, (d) 2013 April 05, and (e) 2014 March 11. For each event, the original X-ray time series signal is shown in the left panel, while the
fits to each model S0, S1, and S2 are shown in the remaining panels. The vertical dashed red line in the third panels denotes fp, the location of the additional spectral
bump. The black vertical line in the fourth panels shows the location of the break frequency fbreak. Flares (a), (d), and (e) find that at least two models are competitive,
while flare (b) strongly favors model S2 and flare (c) strongly favors model S1.
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for models S0 and S1. By contrast, when model S1 is preferred,
there is usually a substantial additional peak visible in the
spectrum which is several σ above the mean of the power-law
component.

Based on the ΔBIC test, We separate all the surveyed events
into four categories; S0, S1, S2, and U, or unresolved. Each
category is populated by events where that model is strongly
preferred over all others according to Equation (8). For

example, an event is classified as S0 if model S0 produces
the lowest value of BIC, and the ΔBIC relative to both other
models is at least 10 in favor of S0. Additionally, to confirm an
event in the S0 category the goodness-of-fit cn

2 must be
satisfactory, defined as having a p-value>0.01. If the p-value
for the given model fails this test, it is excluded from the
category. The same criteria apply for categories S1 and S2. The
remaining events are classified as unresolved events—these are

Figure 1. Examples of the model comparison analysis applied to a selection of flares observed by GOES in the 1–8 Å range on (a) 2011 August 03, (b) 2011
September 23, (c) 2012 July 10, (d) 2012 October 22, and (e) 2014 March 11. For each event, the original time series signal is shown in the left panel, while the fits to
each model S0, S1, and S2 are shown in the remaining panels. The vertical dashed red line in the third panels denotes fp, the location of the additional spectral bump.
The black vertical line in the fourth panels shows the location of the break frequency fbreak. The p-values corresponding to the c2-like values obtained via Equation (9)
are shown in the upper right of each panel. As the ΔBIC values show, flares (a), (b), and (d) are categorized as strongly favoring model S1, while flare (c) favors the
single power law model S0 and flare (e) strongly favors the broken power law model S2.
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Example:	a	synthetic	series	The Astrophysical Journal, 798:1 (12pp), 2015 January 1 Ireland, McAteer, & Inglis

(a)

(b) (c)

(d)
(e)

Figure 5. Comparison of the effect of assuming a white or power-law power spectrum null hypothesis on the detection of an oscillatory signal for simulated time
series. Panel (a) shows the simulated time series, generated from a power spectrum P (ν) ∝ ν−1.77 and with no explicit oscillation included. Panel (b) shows the
normalized wavelet power spectrum with the cone of influence (shaded/hatched area) and regions above the 95% confidence level (thin solid line). The wavelet
power is normalized by the wavelet power expected by assuming the null hypothesis that the time series is purely white noise (and therefore the noise has the same
power at all wavelet scales and times) with the noise level set to the variance of the time series. Panel (c) shows the global wavelet power spectrum for the results of
Panel (b): the solid line indicates the global wavelet power of the simulated data, and the dashed line indicates the 95% confidence level expected from the null
hypothesis. Panels (d) and (e) are the same as panels (b) and (c) except now the null hypothesis is that the time series is purely noise and has a power-law power
spectrum of the form ν−n, n > 0. The value of the power-law index n is estimated by fitting the model P (ν) ∝ ν−n to the power-spectrum that creates the time series
shown in Panel (a). The fit is done using the approach described by Vaughan (2010) and Inglis (2015). The code used to generate the wavelet power spectra (b)-(e) is
an implementation of the wavelet analysis code described by Torrence & Compo (1998).

null hypothesis assumption, with the same confidence level,
significantly reduces the area in the wavelet transform for which
a detection is claimed. The large confident area between 300
and 700 seconds apparent under the white noise null hypothesis
(panel b) is now significantly weaker under the power-law power
spectrum null hypothesis, panel (d), but is still present. However,
since the data is simulated without an explicit oscillatory
component, any high wavelet power must have arisen by chance.
The simulated data, along with the results of Section 3, suggest
that when examining the wavelet transforms of time-series
for wave packets, a background power-law-like PS should be
assumed, along with higher confidence levels (99% or higher), in
order to minimize the effects of mistakenly identifying random
variations in the background PS as evidence for an oscillatory
signal. Since there is a power-law-like PS in time-series of
coronal emission, evidence for the existence of a process that
generates narrow-band oscillatory power has to be measured
by its power over and above that expected by an appropriate
power-law-like model power spectra, such as those given by
Equations (1) and (2).

However, even this approach to identifying oscillatory power
is not quite complete, as it simply rejects the null hypothe-
sis that the power spectrum can be adequately explained by
a power-law power spectrum. Model comparison techniques
similar to that described in Section 3 are required to select a
model with oscillatory content over one without. The difficulty
in finding narrowband features in Fourier power spectra against
a background power-law power spectrum has been recognized
by Vaughan (2010) in the study of XMM-Newton observations
of highly variable Seyfert 1 galaxies. Vaughan (2010) presents
a model fitting and comparison technique that is directly appli-
cable to the search for oscillatory power in coronal time series.

4.2. Implications for Coronal Seismology and Automated
Oscillation Detection Algorithms

The discussion of Section 4.1 shows that power-law power
spectra have a powerful effect on the claims of a detection
of narrow frequency-band oscillations in single time series.
When looking at extended regions of coronal imaging data,

8

Here	is	a	3me	series	that	
has	been	reverse-
engineered	from	a	power	
law	model	in	Fourier	
space,	with	index	=	-2.	
From	Ireland	et	al.	(2015)	



Model	comparison	method	of	Inglis	et	al.	
(2015,	2016)	

To	address	these	issues,	we	decided	to	take	a	different	approach,	star3ng	from	the	
very	beginning.		
	
We	want	to	try	to	avoid	procedures	that	involve	manual	interven3on	or	choices.	
Basic	procedure	is	as	follows:	

1.  Start	with	an	input	signal,	such	as	a	solar	flare	(or	other	astrophysical)	3me	
series.	

2.  Normalize	and	apodize	(apply	a	window	func3on)	the	3me	series.	
3.  Then,	compare	different	models	of	the	Fourier	power	spectrum	to	the	actual	

observed	Fourier	power	spectrum	from	the	3me	series.	
4.  One	of	these	models	represents	a	QPP-like	signature.	The	others	are	

alterna3ve	hypotheses.	
5.  Find	the	model	that	best	represents	the	data	using	the	Bayesian	Informa1on	

Criterion	(BIC).	

	
	

	
	



Model	comparison	method	of	Inglis	et	al.	
(2015,	2016)	

for models S0 and S1. By contrast, when model S1 is preferred,
there is usually a substantial additional peak visible in the
spectrum which is several σ above the mean of the power-law
component.

Based on the ΔBIC test, We separate all the surveyed events
into four categories; S0, S1, S2, and U, or unresolved. Each
category is populated by events where that model is strongly
preferred over all others according to Equation (8). For

example, an event is classified as S0 if model S0 produces
the lowest value of BIC, and the ΔBIC relative to both other
models is at least 10 in favor of S0. Additionally, to confirm an
event in the S0 category the goodness-of-fit cn

2 must be
satisfactory, defined as having a p-value>0.01. If the p-value
for the given model fails this test, it is excluded from the
category. The same criteria apply for categories S1 and S2. The
remaining events are classified as unresolved events—these are

Figure 1. Examples of the model comparison analysis applied to a selection of flares observed by GOES in the 1–8 Å range on (a) 2011 August 03, (b) 2011
September 23, (c) 2012 July 10, (d) 2012 October 22, and (e) 2014 March 11. For each event, the original time series signal is shown in the left panel, while the fits to
each model S0, S1, and S2 are shown in the remaining panels. The vertical dashed red line in the third panels denotes fp, the location of the additional spectral bump.
The black vertical line in the fourth panels shows the location of the break frequency fbreak. The p-values corresponding to the c2-like values obtained via Equation (9)
are shown in the upper right of each panel. As the ΔBIC values show, flares (a), (b), and (d) are categorized as strongly favoring model S1, while flare (c) favors the
single power law model S0 and flare (e) strongly favors the broken power law model S2.
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Fit	different	models	to	the	Fourier	Power	Spectral	Density	(PSD)	of	solar	flares.	Model	1	
includes	a	‘bump’	that	represents	a	QPP	signature.	The	Bayesian	Informa3on	Criterion	(BIC)	
can	be	used	to	test	which	model	is	most	appropriate	given	the	data.	
	

S0	=	

Power	law	

S1	=	

Power	law	 Const.	

MODEL	0	
POWER	LAW		

NO	CHARACTERISTIC	
PERIOD	

MODEL	1	
POWER	LAW	PLUS	BUMP	
CHARACTERISTIC	PERIOD	

MODEL	2	
BROKEN	POWER	LAW	
NO	CHARACTERISTIC	

PERIOD	
S2	=	

Const.	 Double	Power	law	 Const.	Gaussian	



Model	comparison	with	the	Bayesian	
Information	Criterion	(BIC)	

BIC = −2 ln(L)+ k ln(n)

ΔBIC = BICA −BICB

For	each	model,	we	calculate	the	Bayesian	Informa3on	Criterion	
(BIC),	given	by:	

Where	L	is	the	maximum	likelihood,	k	is	the	number	of	model	
parameters	and	n	is	the	number	of	data	points.	

We	find	the	preferred	model	by	comparing	the	BIC	between	
models:	

•  Nega3ve	values	indicate	a	preference	for	model	A	
•  Posi3ve	values	indicate	a	preference	for	model	B.	
•  A	difference	of	>10	indicates	a	strong	preference	for	

one	model	over	the	other.	

Extra	parameter	
penalty	



Example	results	–	GOES	soft	X-ray	data	

for models S0 and S1. By contrast, when model S1 is preferred,
there is usually a substantial additional peak visible in the
spectrum which is several σ above the mean of the power-law
component.

Based on the ΔBIC test, We separate all the surveyed events
into four categories; S0, S1, S2, and U, or unresolved. Each
category is populated by events where that model is strongly
preferred over all others according to Equation (8). For

example, an event is classified as S0 if model S0 produces
the lowest value of BIC, and the ΔBIC relative to both other
models is at least 10 in favor of S0. Additionally, to confirm an
event in the S0 category the goodness-of-fit cn

2 must be
satisfactory, defined as having a p-value>0.01. If the p-value
for the given model fails this test, it is excluded from the
category. The same criteria apply for categories S1 and S2. The
remaining events are classified as unresolved events—these are

Figure 1. Examples of the model comparison analysis applied to a selection of flares observed by GOES in the 1–8 Å range on (a) 2011 August 03, (b) 2011
September 23, (c) 2012 July 10, (d) 2012 October 22, and (e) 2014 March 11. For each event, the original time series signal is shown in the left panel, while the fits to
each model S0, S1, and S2 are shown in the remaining panels. The vertical dashed red line in the third panels denotes fp, the location of the additional spectral bump.
The black vertical line in the fourth panels shows the location of the break frequency fbreak. The p-values corresponding to the c2-like values obtained via Equation (9)
are shown in the upper right of each panel. As the ΔBIC values show, flares (a), (b), and (d) are categorized as strongly favoring model S1, while flare (c) favors the
single power law model S0 and flare (e) strongly favors the broken power law model S2.
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Time	series	 Single	power	law	fit	 QPP	model	fit	 Broken	power	law	fit	

GOES	so>	X-ray	lightcurves	are	typically	the	result	of	thermal	emission	from	hot	thermal	
plasma.	Although	the	3me	series	look	smooth,	several	authors	have	shown	that	small-
amplitude	structures	are	o>en	present	(e.g.	Simoes	et	al.	2015,	Hayes	et	al.	2016,	Dennis	
et	al.	2017).	



Example	results	–	GBM	15-25	keV	X-ray	data	

S1 was strongly preferred in both data sets are marked in red.
These events are summarized in Table 2. Here, the uncertain-
ties associated with the data points are based on the best-fit
parameter σ, which defines the breadth of the enhancement in
frequency space. From Figure 5(c), there is clearly a relation-
ship between PGBM and PGOES, and in most cases the detected
timescales are consistent between the two instruments. Using a
Spearman rank correlation test, we find that ρ=0.86 when
only the strong S1 events are considered, and ρ=0.41 when
all 34 events are considered. This reduction in correlation is
primarily the result of three outlying events where PGBM is

much larger than PGOES. Figure 5(d), further illustrates the
relationship by plotting the ratio P PGOESGBM , illustrating that
most events are consistent with a ratio of 1. This consistency
between the timescales detected by two instruments observing
in different energy ranges give us confidence in the employed
methodology, and also has implications as to the physical
mechanisms occurring in these flares. Additionally, the
persistence of this relationship in events that we have not
identified as strongly favoring model S1 in Sections 4.1 and 4.2
suggests that these features may also be physical, and that the
criteria adopted in this work are rather strict.

Figure 2. Examples of the model comparison analysis applied to a selection of flares observed by Fermi/GBM in the 15–25 keV range on (a) 2011 September 23, (b)
2012 July 04, (c) 2012 October 22, (d) 2013 April 05, and (e) 2014 March 11. For each event, the original X-ray time series signal is shown in the left panel, while the
fits to each model S0, S1, and S2 are shown in the remaining panels. The vertical dashed red line in the third panels denotes fp, the location of the additional spectral
bump. The black vertical line in the fourth panels shows the location of the break frequency fbreak. Flares (a), (d), and (e) find that at least two models are competitive,
while flare (b) strongly favors model S2 and flare (c) strongly favors model S1.
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Time	series	 Single	power	law	fit	 QPP	model	fit	 Broken	power	law	fit	

GBM	X-rays	represent	more	non-thermal	emission	from	accelerated	par3cles	impac3ng	
the	chromosphere.	Although	GBM	3me	series	are	typically	‘burs3er’	than	GOES,	this	does	
not	necessarily	lead	to	more	QPP-like	observa3ons.	O>en	have	broadband	variability	
instead.	



Full	survey	of	5lares	2011	-	2016	

	
A	major	goal	was	to	study	QPP	in	flares	en	masse	to	build	up	a	
reliable	sta3s3cal	picture	of	their	proper3es.	
	
Inglis	et	al.	(2016)	applied	this	method	to	every	flare	>	M1	
observed	by	GOES	from	February	2011	–	December	2016.	
	
We	also	apply	the	analysis	to	each	of	these	flares	that	was	
observed	by	Fermi/GBM	in	15-25	keV	X-rays.	
	
This	consists	of	~700	flares	observed	by	GOES	in	the	1-8A	band,	
and	~260	observed	by	GBM.	
	
Fewer	GBM	flares	because	of	low-Earth	orbit	duty	cycle	and	
occasional	data	ar3facts.	
	



Full	survey	results	-	GOES	

	
a)	 b)	 c)	 d)	 e)	

f)	 g)	 h)	 i)	 j)	
a)	 b)	 c)	 d)	 e)	

f)	 g)	 h)	 i)	 j)	

~30%	of	events	show	a	strong	preference	for	the	‘QPP-like’	model	in	GOES	X-rays.	
Characteris3c	3mescales	of	these	events	are	preferen3ally	in	the	15-30s	range.	



Full	survey	results	-	GBM	

	

Only	~8%	of	events	show	the	same	preference	in	GBM	15-25	keV	X-rays.	
Preferen3al	3mescale	found	is	consistent	with	the	GOES	results,	favouring	10-20s.	

a)	 b)	 c)	 d)	 e)	

f)	 g)	 h)	 i)	 j)	

a)	 b)	 c)	 d)	 e)	

f)	 g)	 h)	 i)	 j)	



Comparison	between	GOES	and	GBM	

	
There	are	7	events	that	show	strong	evidence	for	QPP-like	signatures	in	both	datasets.	
There	are	34	events	that	both	show	some	evidence	for	QPP	in	both	datasets.	

model S0 (see Equation (2)), a broken power-law model S2 (see
Equation (4)), and a model S1 including a power law but also
an additional peak in the Fourier power spectrum (see

Equation (3)). All three of these models account for the known
power-law shape of flare-like signals (Cenko et al. 2010;
Gruber et al. 2011; Huppenkothen et al. 2013; Inglis

Figure 5. Comparison of measured parameters in Fermi/GBM and GOES data. (a) All 261 analyzed events co-observed by Fermi/GBM and GOES split into four
categories: (1) a QPP-like signature (strong preference for model S1) in both GBM and GOES; (2) a strong signature in GBM but not GOES; (3) a strong signature in
GOES but not GBM; and (4) no strong signature in either instrument. (b) Same as panel (a) but with the model selection criterion relaxed to ΔBIC>0. Hence the
four categories are: (1) tentative evidence for a signal in GOES and GBM; (2) tentative evidence for a signature in GBM but not GOES; (c) tentative evidence for a
signature in GOES but not GBM; and (4) no evidence in either instrument. (c) PGBM vs. PGOES for the 34 events showing some preference for model S1 in both
instruments. The seven events showing strong evidence for model S1 in both instruments are marked in red. The line y = x is shown for reference. Here the error bars
represent the best-fit width σ for the event in each instrument. The Spearman rank correlation coefficient is shown both for all 34 tentative events (0.41) and for the
seven strong events (0.86). (d) The ratio PGBM/PGOES for the same events, with the seven strong events marked in red, as in the third panel.

Table 2
Summary of Events where Model S1 is Favored in both GOES and GBM Data Sets

GOES GBM

GOES Start Time (UT) GOES Class ΔBIC0-1 ΔBIC2-1 P (S) σ α ΔBIC0-1 ΔBIC2-1 P (s) σ α

2011 Mar 07 07:59 M1.4 13.4 0.6 4.8 0.12 3.63 17.4 0.7 30.6 0.25 2.56
2011 Mar 07 21:45 M1.5 3.2 7.9 15.5 0.07 4.21 3.9 9.9 13.7 0.18 2.52
2011 Mar 08 02:24 M1.3 42.1 37.0 11.3 0.16 5.10 4.1 10.5 4.6 0.05 2.83
2011 Mar 14 19:30† M4.2 179.9 79.6 8.2 0.12 4.22 56.9 43.5 8.1 0.05 3.32
2011 Sep 23 23:48 M1.9 34.7 31.6 11.9 0.05 3.86 3.0 5.1 13.6 0.09 2.53
2011 Oct 02 00:37 M3.9 14.9 10.0 36.7 0.25 4.10 33.4 9.1 45.2 0.22 3.52
2011 Nov 06 06:14 M1.4 6.6 16.7 33.1 0.09 4.03 0.9 5.6 7.3 0.05 3.10
2012 Mar 09 03:22† M6.3 74.9 57.6 65.8 0.14 3.50 27.9 27.6 69.3 0.15 2.82
2012 Mar 13 17:12 M7.9 38.0 7.3 120.6 0.25 3.99 22.7 0.1 116.3 0.25 3.42
2012 Mar 23 19:34 M1.0 43.1 17.4 10.8 0.25 4.49 8.2 2.2 11.8 0.25 4.42
2012 Jul 04 09:47 M5.3 0.8 0.4 7.3 0.05 3.79 34.0 11.7 10 0.25 3.13
2012 Jul 05 03:25 M4.7 27.3 8.9 8 0.05 4.14 5.9 2.1 5.2 0.11 3.68
2012 Oct 22 18:38† M5.0 58.8 36.4 14 0.17 3.99 24.3 28.7 14.1 0.15 2.87
2013 Jan 11 08:43 M1.2 8.7 14.5 44.1 0.07 3.88 10.2 11.0 45 0.08 2.92
2013 Apr 11 06:55 M6.5 33.7 17.4 67.9 0.17 3.90 5.7 3.1 9.4 0.05 3.06
2013 Oct 27 12:36 M3.5 34.7 27.5 16.8 0.05 3.59 0.3 5.8 16.7 0.05 3.23
2013 Nov 05 08:12 M2.5 13.0 11.2 7.6 0.11 3.74 12.2 5.0 6.9 0.20 3.34
2013 Nov 05 18:08 M1.0 47.7 17.0 14.3 0.25 5.06 22.4 7.2 9.3 0.12 2.58
2013 Nov 07 03:34† M2.3 46.3 17.5 13.8 0.25 4.91 12.2 12.5 10.8 0.10 2.32
2013 Dec 29 07:49 M3.1 14.5 13.8 13.9 0.25 4.16 7.9 8.6 15.4 0.17 3.04
2014 Jan 28 11:34 M1.4 9.4 5.3 9.5 0.05 4.98 71.8 39.3 10 0.09 2.64
2014 Feb 14 12:29 M1.6 15.2 14.1 18.1 0.25 3.65 6.2 0.1 16.4 0.17 2.15
2014 Mar 12 22:28† M9.3 39.1 38.0 13.2 0.25 4.40 21.7 10.7 11.1 0.25 3.62
2014 May 08 09:59 M5.2 51.9 40.6 27.3 0.25 4.98 27.3 5.1 26.6 0.25 2.65
2014 Jun 06 19:26† M1.4 13.9 14.0 8.6 0.25 4.16 11.7 15.9 7.8 0.13 2.95
2014 Jun 12 09:23 M1.8 18.5 15.1 7.4 0.24 3.67 2.4 3.9 25.9 0.17 2.32
2014 Oct 09 01:30 M1.3 45.7 16.1 13.7 0.25 4.51 3.7 3.2 10.7 0.25 3.83
2014 Oct 09 06:48 M1.2 13.1 8.2 30.2 0.16 3.83 0.3 1.9 37.7 0.25 2.67
2014 Oct 29 21:18† M2.3 74.9 65.9 7.1 0.13 4.37 22.7 11.4 7.9 0.17 3.15
2015 Mar 12 21:44 M2.7 12.9 14.9 15 0.07 3.88 4.0 10.5 28.3 0.23 2.59
2015 May 05 13:45 M1.2 2.5 0.8 19 0.06 3.82 0.1 2.3 23.2 0.11 2.56
2015 May 06 11:45 M1.9 11.6 0.9 237.7 0.25 3.01 29.1 21.4 4.9 0.05 3.12
2015 Jun 11 08:49 M1.0 65.6 4.2 10.8 0.25 5.50 16.6 13.7 9.5 0.10 3.32
2015 Sep 29 05:05 M2.9 43.1 27.6 27.2 0.25 4.73 12.8 4.2 21.4 0.25 2.74

Note.Strongly Favored events in both instruments are marked with the † symbol.
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model S0 (see Equation (2)), a broken power-law model S2 (see
Equation (4)), and a model S1 including a power law but also
an additional peak in the Fourier power spectrum (see

Equation (3)). All three of these models account for the known
power-law shape of flare-like signals (Cenko et al. 2010;
Gruber et al. 2011; Huppenkothen et al. 2013; Inglis

Figure 5. Comparison of measured parameters in Fermi/GBM and GOES data. (a) All 261 analyzed events co-observed by Fermi/GBM and GOES split into four
categories: (1) a QPP-like signature (strong preference for model S1) in both GBM and GOES; (2) a strong signature in GBM but not GOES; (3) a strong signature in
GOES but not GBM; and (4) no strong signature in either instrument. (b) Same as panel (a) but with the model selection criterion relaxed to ΔBIC>0. Hence the
four categories are: (1) tentative evidence for a signal in GOES and GBM; (2) tentative evidence for a signature in GBM but not GOES; (c) tentative evidence for a
signature in GOES but not GBM; and (4) no evidence in either instrument. (c) PGBM vs. PGOES for the 34 events showing some preference for model S1 in both
instruments. The seven events showing strong evidence for model S1 in both instruments are marked in red. The line y = x is shown for reference. Here the error bars
represent the best-fit width σ for the event in each instrument. The Spearman rank correlation coefficient is shown both for all 34 tentative events (0.41) and for the
seven strong events (0.86). (d) The ratio PGBM/PGOES for the same events, with the seven strong events marked in red, as in the third panel.
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2014 Jun 06 19:26† M1.4 13.9 14.0 8.6 0.25 4.16 11.7 15.9 7.8 0.13 2.95
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For	these	events,	there	is	a	substan3al	correla3on	between	the	periods	observed	in	GOES	
so>	X-rays	and	GBM	15-25	keV	X-rays.	
	
On	at	least	some	occasions,	two	instruments	seem	to	be	observing	the	same	signature.	
	
But,	the	majority	of	the	3me	only	one	instrument	(or	neither)	detects	a	signature.	



Other	statistics	

	

PSD	power	law	indices	
are	different	between	
instruments,	with	~4.2	
for	GOES,	and	~3.0	for	
GBM.	
	
Observed	characteris3c	
3mescale	for	‘QPP-like’	
events	has	no	obvious	
dependence	on	flare	
magnitude,	i.e.	GOES	
class.	
	
Power	law	index	also	
mostly	independent	of	
GOES	class.	
	
	
	



AFINO	(Automated	Flare	Inference	
of	Oscillations)	–	catalogue	online	

The	technique	presented	here	has	been	automated	and	became	the	AFINO	
analysis	code.	
	
This	code	runs	daily	overnight	on	any	new	GOES	flares	>	M1	that	occur.		
	
Results	are	automa3cally	added	to	the	AFINO	catalogue,	which	is	available	
online:	
	

hmps://hesperia.gsfc.nasa.gov/afino/afino_catalogue.html	
	
All	summary	sta3s3cs,	including	summary	plots	are	available.	More	
func3onality	(e.g.	dynamic	plots,	searching)	is	planned	in	the	future.	
	
This	database	can	be	used	as	a	reference	for	any	future	QPP	studies.	
	



Final	thoughts	and	limitations	
•  Method	is	inten3onally	conserva3ve	–	BIC	imposes	a	penalty	for	extra	

model	parameters.	Want	the	best	model	to	be	clearly	preferred	over	all	
others.	

•  This	is	a	global	technique	–	signatures	that	are	only	briefly	or	
sporadically	present	may	not	be	detected.	

•  Evolu3on	of	signatures	(e.g.	increasing	period	of	3me)	also	cannot	
easily	be	seen	by	this	technique	(see	Dennis	et	al.	2017).	

•  Occurrence	rates	found	here	perhaps	best	thought	of	as	lower	limits?	
Other	authors	have	found	higher	rates	(e.g.	~80%	in	GOES	X-flare	data	
from	Simoes	et	al.	2015).	But	low	rates	found	in	stellar	flares	(e.g.	~4%	
from	Pugh		et	al.	2016).	

•  Lots	of	other	uses	for	this	technique	–	currently	looking	at	solar	wind	
and	magnetosphere	data	for	example.	Also	astrophysical	applica1ons.	

	
	



Open	questions	and	next	steps	
	
•  Want	to	further	explore	QPP	proper3es	as	a	func3on	of	flare	
phase	(e.g.	impulsive	phase,	decay	phase)	and	energy	band.	

•  Need	to	further	develop	theore3cal	models.	In	par3cular,	
reconnec3on	models	have	limited	predic1ve	power	for	
QPP.	Unknown	whether	observed	QPP	proper3es	are	
consistent	with	reconnec3on	models.	

•  As	such,	regardless	of	detec3on	method,	can’t	easily	
dis1nguish	between	MHD	wave	and	reconnec3on	
explana3ons.	

•  Need	to	close	the	gap	between	simula3ons	and	
observa3ons.	


