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Pulsars: not always stable rotators

Radio/X-ray variability  → insights into 
magnetospheric physics

• measure charge density ρ = 0.034 C m-3 (Kramer+ 
2006)

• discrete metastable states (Lyne+ 2010)

• few-second reconfiguration (Hermsen+ 2013)
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But not in gamma rays! Oh, well ...

• sizable fraction of     in γ 
rays

• CGRO-EGRET: stability of 
pulsar γ-ray emission    
(Nolan+ 2003)

• no significant variability in 
2-year Fermi-LAT source 
Catalog (Nolan+ 2012)
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AXIOM: pulsars are
steady γ-ray sources
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The Gamma Cygni pulsar
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Fermi LAT E > 2 GeV, front-
converting events
408 MHz (CGPS)

• PSR J2021+4026

• discovered by LAT in blind search 
(Abdo+ 2009)

•          Hz,                           Hz s-1

• no radio counterpart, X-ray 
detection (Lin+2013)  

• same region

• supernova remnant G78.2+2.1 at > 
10 GeV (Lande+ 2012)

• TeV source VER J2019+407 (Aliu+ 2013)

Allafort et al. ApJ 777 L2 2013
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Variability search

• 1AGL J2022+4032

• variable in 2007-2009 (Chen+ 2011) 

• coincident with PSR 
J2021+4026 

• variable source not firmly 
identified

• 52-month Fermi LAT observations 
(2008-2012)100 MeV to 300 GeV   
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Fermi LAT E > 2 GeV, front-
converting events

PSR J2021+4026

PSR J2021+3651

Allafort et al. ApJ 777 L2 2013
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A flux jump

• variability from PSR 
J2021+4026

• > 1 GeV, > 100 MeV

• 30 days, 7 days

• point-like

• flux - 20% < 1 week 
around MJD 55850

• steady increase before 
MJD 55850 (3σ), ~ 4% 
yr-1 

• PSR J2021+3651 stable 
→ no instrumental 
effects 
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Pconst = 1 × 10-10

Pconst = 0.52

Pconst = 0.9

Allafort et al. ApJ 777 L2 2013 October 2011

95% c.l.
upper limit
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It was the pulsar!
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1. periodicity test on 60-
day bins (       )

2. timing solution before/
after MJD 55850

• 4% change in    near MJD 
55850

• simultaneous with flux 
change

• no change in 

κ = 6.9 × 10-8 Hz day-1

Allafort et al. ApJ 777 L2 2013

1167 d 423 d
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Pulse profile changes
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Allafort et al. ApJ 777 L2 2013

background

background
+ SNR

• P1-P2 lag: 0.505 ± 0.005 
→ 0.565 ± 0.006

• total constant/P2 
amplitude: 1.83 ± 014 → 
1.09 ± 0.06

• P1/P2 amplitude: 0.54 ± 
0.06 → 0.24 ± 0.03
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Phase-resolved spectra
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• flux decrease phase-
dependent → 
magnetospheric origin

• hints of spectral 
changes in P1?

Allafort et al. ApJ 777 L2 2013

pre-jump
post-jump
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What is going on?
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• mode change: magnetic field 
reconfiguration

• torque →
• move beam along line of 

sight → flux

Ω B

α

ζ

• peak-peak lag > 0.5
• no off-pulse 

→ small α, large ζ
→ radio quiet
→ f⌦ < 1

Allafort et al. ApJ 777 L2 2013

a sister of Geminga
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Final remarks
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• gamma-ray pulsars can have mode changes

• new avenue to understand magnetospheric physics

• continued survey by Fermi LAT



Backup slides
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Variability statistical tests
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likelihood

photons model
source of interest

fixed to long-term average

Likelihood

Kendall rank correlation test
concordant pairs discordant pairs

total number of pairs
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Zoom around the jump
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Before and after the jump
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The Astrophysical Journal Letters, 777:L2 (8pp), 2013 November 1 Allafort et al.

Table 1
J2021+4026’s Properties Before and After the Jump

Time Range 54682–55850 55850–56273
(MJD)

Number of days 1167 423
Fγ

a >0.1 GeV 8.33 ± 0.08 6.86 ± 0.13
Fγ

a >1 GeV 3.57 ± 0.05 2.74 ± 0.06
ḟ b −7.6978 ± 0.0007 −8.166 ± 0.002
δP1

c 0.19 ± 0.02 0.13 ± 0.02
∆12

d 0.505 ± 0.005 0.565 ± 0.006
δP2

c 0.176 ± 0.007 0.174 ± 0.006
∆1BR

d 0.229 ± 0.008 . . .

δBR
c 0.11 ± 0.02 . . .

P1/P2e 0.54 ± 0.06 0.24 ± 0.03
BR/P2e 0.16 ± 0.03 . . .

Constant/P2e 1.83 ± 0.14 1.09 ± 0.06

Notes. Statistical uncertainties only. For details on parameters, see
Sections 4 and 5.
a 10−10 erg cm−2 s−1.
b At the reference epoch for the two timing solutions, 10−13 Hz s−1.
c Peak FWHM (E > 0.1 GeV).
d Phase lag between peaks (E > 0.1 GeV).
e Ratios of the peak amplitudes or constant-level-to-P2 amplitude
(E > 0.1 GeV).

the Fermi observing strategy occurred near MJD 55850. We
verified that fixing J2021+4026’s normalization to its average
yields negative residuals consistent with a point-like source at
the pulsar position in all energy bands after MJD 55850.

Figure 1 also suggests a steady flux increase for J2021+4026
before the drop near MJD 55850. A χ2 fit of a linear function
of time versus flux in 30 day bins57 before MJD 55850 gives
a 4% ± 2% yr−1 flux increase, preferred over the constant
flux hypothesis at the ∼3.3σ level for both >100 MeV and
>1 GeV. The χ2 test applied to J2021+3651 favors a constant
flux. We further assessed this trend independently of any
functional dependency using the Kendall rank correlation test.
We obtain a Kendall coefficient τ = 0.78 (0.71) for J2021+4026
for >100 MeV (>1 GeV): the probability58 of this coming
from stochastic fluctuations of a steady flux is 0.0005 (0.01),
indicating a monotonic increase with time at the ∼3.5σ (∼3.2σ )
level. For J2021+3651, τ = 0.11 (0.09): the same probability is
0.38 (0.41).

4. PULSAR TIMING

To investigate the origin of the flux drop, we monitored
the evolution of the pulsar timing parameters. We divided the
entire time range into 60 day bins, where pulsations are clearly
detectable, yet we can neglect the timing noise and approximate
the frequency evolution as a linear function,

f (t) = f0 + f1 × (t − t0) . (2)

For each bin, we used the Z2
n (n = 4) test (Buccheri et al. 1983)

to search the f0–f1 space for periodicity (f0 and f1 represent
the frequency f and frequency derivative ḟ , respectively, in each
bin). Figure 1 shows that near MJD 55850, ḟ suddenly decreases

57 We assumed a 2% systematic flux uncertainty, as for the variability test.
58 We take trial factors due to truncating the sample at MJD 55850 into
account with a Monte Carlo simulation, where we calculate the maximum τ
for stopping after four different 30 day bins around MJD 55850. The 120 day
timescale is independently constrained by the timing analysis in Section 4 (two
60 day bins in the periodicity search).

by ∼5 × 10−14 Hz s−1, i.e., ∼4% of the initial value. This is
reflected as a change of the frequency evolution slope, while
f does not change appreciably. The ḟ change is simultaneous
with the flux decrease, strongly suggesting that the flux change
is from the pulsar itself rather than another source along the line
of sight. This is strengthened by the results for higher energy and
narrower time bins (Figure 2), suggesting that the flux variation
occurred within a week or less. We also explored three-day and
one-day binning, but count rates are too low to measure when
and how quickly the flux change occurred. The data hint that it
happened within a few days after MJD 55850.

The frequency derivative discontinuity resembles a glitch in
ḟ (e.g., Cordes & Downs 1985). However, the phenomenology
differs from radio and γ -ray glitches (e.g., Espinoza et al. 2011;
Pletsch et al. 2012): glitches are not usually associated with a
flux change and are followed by a recovery, not detected for
J2021+4026 prior to MJD 56200.

Doppler shift due to pulsar motion in a binary system cannot
explain the change in ḟ . If we assume the pulsar moved in the
same direction for the ∼3 yr before the jump, i.e., half of a
circular orbit with radius 6 (1) a.u., that would yield a fractional
frequency change due to the Doppler shift of 10−5 (10−4),
compared to the observed ∼4% variation. Reproducing the
observed change for a six-year orbit requires a highly eccentric
orbit with an unrealistically small minor axis of 0.01 a.u.
Therefore, the ḟ change is likely related to some phenomenon
in the pulsar magnetosphere.

The jump causes phase coherence loss. We therefore built
two timing solutions using LAT γ rays (Ray et al. 2011).
We used 32 day intervals to determine pulse times-of-arrival
(TOAs).59 We obtained 36 (13) before (after) the jump. We
used the TEMPO2 package (Hobbs et al. 2006) to fit these
TOAs using a model with absolute phase, frequency, and its
first three derivatives at the reference epoch. The rms of the
timing residuals of the post-jump timing solution is 2.1 ms. The
pre-jump solution needed whitening with sinusoidal waves to
achieve a 3.0 ms residual rms. We verified that this is due only to
the different lengths of the time ranges. The timing solutions60

confirm the sudden ḟ change near MJD 55850 (Figures 1 and 2).
Owing to similarities with Geminga, we shifted photon phases
to center the second highest peak at 0.1, resulting in a half-period
shift relative to 2PC.

5. PULSAR PROPERTIES BEFORE
AND AFTER THE JUMP

We studied the pulse profile and the spectrum before and
after MJD 55850, repeating the likelihood analysis of Section 2
for the two time intervals independently. Then we selected
γ rays within 2◦of the pulsar and used the best-fit spectrum to
assign each photon a weight, the probability of being associated
with the pulsar. We assigned each photon a phase using the
timing solutions described in Section 4, and thus built weighted
pulse profiles for different energy bands (Figure 3). The profiles
show two main peaks, P1 and P2, interconnected by a bridge
(BR), where a third peak appears before the jump, especially at
E > 1 GeV. An off-peak region, OP, follows P2.

We fit the pulse profile peaks with three Gaussians, adding
a constant to account for steady emission (Figure 3). The
third peak in BR is included only when detected with >3σ
significance. Table 1 summarizes the fit results and other

59 This yields an integer number of TOAs with reasonable pulse profiles.
60 Available at http://fermi.gsfc.nasa.gov/ssc/data/access/lat/ephems/.

4



L. Tibaldo The variable gamma-ray pulsar PSR J2021+4026 of 11

Doppler shift in binary system?
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• circular orbit of radius 6 
(1) a.u. → Doppler shift 
10-5 (10-4)

• 0.04 Doppler shift → 
eccentric orbit with minor 
axis ~ 0.01 a.u. < massive 
star radius

~ 3 yr
half orbit?


