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Vortex or flux-line avalanches, as distinct from large fluctuations in 
continuous dynamics (vortex / flux creep, or SOC models etc) require the 
breaking of scale invariance.  

This talk presents a simple model for avalanches, based on intrinsic 
scales of pinning forces and of substrates sustaining pinning centers, for 
applications to pulsar glitches and to laboratory condensates.



Pulsar glitches: very fast (unresolved) rise, slow decay: 

 
(From review by Antonopoulou, Haskell, Espinoza, 2022)
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3.3. The glitch signature

When a given dataset contains a glitch, a timing model
with constant reference ⌫0 and ⌫̇0, as in (14), will not
provide an adequate description of all the ToAs. This
is depicted in panel (a) of figure 5, where such a model
is unable to describe well the rotation over the full time
interval because of the presence of a glitch, which can
be noticed as a sharp cusp. The positive and then
negative slope of the residuals, before and after the
glitch respectively, indicate that the ⌫0 value obtained
from the fitting procedure is higher, and then lower,
than the actual spin frequency of the pulsar at those
times. Similar signatures can be seen in figure 7, where
a single, basic, timing model is used to produce timing
residuals of a longer dataset containing three glitches.

If the timing model is optimised using only the
ToAs before the glitch, the glitch signature will appear
as a linear increase of the residuals |�(t)| with time
(panel (b) of figure 5). Because the residuals are
defined as data�model, the trend is towards negative
values, i.e. post-glitch ToAs arrive earlier than
expected. Most glitches involve a spindown rate
change, �⌫̇ < 0, in addition to the change in frequency,
�⌫ > 0. When that is the case, the residuals’ evolution
after the glitch will progressively resemble more a
quadratic curve, as seen in panel (b) of figure 5. The
actual changes in frequency and spindown rate for this
glitch are shown in the last two panels of the same
figure.

After a glitch, the evolution of the spindown
rate (and consequently, of the spin frequency) often
continues at a di↵erent rate ⌫̈ than before the
glitch. Commonly, some recovery towards the pre-
glitch rotational parameters is observed, as revealed
in the two lowest panels of figure 5 which present the
frequency residuals (panel (c)) with respect to the pre-
glitch timing model, and the evolution of the spin-down
rate ⌫̇ (panel (d)). Similar plots for glitches, large and
small, in other pulsars are shown in figure 6, which
includes some representative examples of common,
as well as more unusual, signatures of post-glitch
recoveries. For many glitches the recovery process can
be approximated by a combination of exponentially
decaying terms and/or a linear decrease of |�⌫̇| (see
the top row of glitch examples in figure 6, and Section
5.4 for an in-depth discussion and interpretation of
these features). It is thus practical to model the phase
residuals attributed to the glitch as:
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which set in for t � tg, with tg the inferred glitch epoch,
in addition to the pre-glitch evolution of equation (14).

Figure 5. A glitch in the Crab pulsar (tg = MJD 53067.1) with
�⌫ = 6.37µHz and �⌫̇ = �23.02⇥ 10�13 Hz s�1. The data was
collected by the 42-ft telescope at Jodrell Bank observatory and
presented in [27]. (a) Timing residuals relative to a single timing
model fitted to the full interval. (b) Timing residuals relative
to a timing model fitted to pre-glitch data only. (c) Frequency
residuals with respect to the pre-glitch timing solution. (d) The
evolution of the spin-down rate. In all cases the rotational model
is that of equation (14) using two frequency derivatives. The
gradual post-glitch relaxation is evident in the last two panels.

The terms with index p denote persisting changes that
do not appear to recover in the duration of the dataset
(e.g. as in the glitch of PSR B2334+61 shown in figure
6), whilst the last term captures any changes that
show exponential decay on characteristic timescales
⌧di (visible after several glitches in figure 6, e.g. in
PSR B0833-45, and also in the Crab glitch of figure 5).

For most pulsars, observations before and after the
glitch can be days, even weeks, apart, which results
in ambiguity in the exact epoch tg when the glitch
occurred. Typically this is constrained by demanding
phase continuity through the spin-up (��g = 0),



Experiments and simulations with uniform distributions of pinned 
vortices show no difference between rise and decay timescales of events: 
eg classical experiments of  Tsakadze & Tsakadze 1980, 
& recent simulations & experiments –eg Novotny, Talir & Varga PRL 
2026 Superfluid He4  

But also see Elena Poli’s talk this morning, showing fast rise slower 
decay of glitches in simulation of vortex pinning to super solid.

bath by two opposing channels [see Figs. 1(a) and 4(a) in
End Matter]. The acoustic modes in these devices are driven
and sensed via electrodes deposited on the top and bottom
walls of the nanofluidic cavity, forming a parallel plate
capacitor [24,25,30] (see the End Matter for details).
The acoustic motion can transition to turbulence at

sufficiently high velocities [28,29,31]. The transition to
turbulence in these devices shows a remarkable complexity
involving multiple large-scale turbulent states with stochas-
tic transitions, which are related to the excitation of
progressively larger modes via the inverse turbulent cas-
cade [28,29]. In previous experiments [28,29], the forcing
and probing of the turbulence were combined into a single
acoustic mode. Here, we use a two-mode pump-probe
approach [31]: a high-amplitude radial overtone [Fig. 1(b)]
generates turbulence predominantly in the inlet channels
[31], while the fundamental Helmholtz mode [Fig. 1(a)]
continuously probes the vortex line density LðtÞ via its
attenuation. The probe mode is continuously driven below
the critical velocity for onset of turbulence and its response
is recorded as a function of time. The turbulence is
switched on by tuning the pump frequency to its resonance
and switched off by detuning it to maintain a constant root-
mean-square (RMS) voltage on the basin capacitor. The
typical measurement sequence [Fig. 1(c)] consists of 30 s of
quiescent state, followed by 30 s of turbulent forcing, and
180 s of decay, with 30 to 100 decay events ensemble
averaged per parameter set. From the averaged fourth
sound signal aðtÞ the vortex density is calculated as [32]

LðtÞ ¼ 2πΔ0

ακ

!
a0
aðtÞ

− 1

"
; ð1Þ

where a0 is an unattenuated probe signal taken as the
average from first 25 s of the initial quiescent state, Δ0 the
unattenuated probe peak width, α the mutual friction
coefficient [33] and κ ¼ 9.97 × 10−8 m2 s−1 is the quantum
of circulation. This relation was validated using a rotating
cryostat [32], although in the present case L is likely
renormalized by dissipation due to pinning (see discus-
sion). For nonuniform distribution of vortex line density,
(1) gives the average weighted by the velocity distribution
of the acoustic mode [31].
We use three different Helmholtz resonators with a

nanofluidic cavity height of D ≈ 500 nm, identical to those
used in the steady state study [29], which differ in the
geometry of the junction of channel and basin. The vortices
in this system can be considered pointlike since the lowest
Kelvin wave frequency is two orders of magnitude higher
than the acoustic frequency [34]. Following Ref. [29] we
denote “C” (corner) the resonator with wide channel, “J”
(jet) a narrow channel and “G” a grid at the connection
between the basin and the channels; see geometry of
the resonator channels in Figs. 1(a) and 4(b) for exact
dimensions.

Results—The decay starting from several initial vortex
densities L0 and probe velocity amplitudes vp for the three
geometries is shown in Fig. 2 at 1.3 K (all experiments took
place at saturated vapor pressure). The shown curves are
filtered by adjacent averaging (see End Matter for the
smoothing procedure). The velocity of the probe mode is
calculated from the resonance amplitude, equivalent to
[29], before the turbulence is generated. As t ¼ 0, the
moment when the fourth sound attenuation begins to
recover from the turbulent steady state is chosen. In
Fig. 2, the x axis is shifted by the “virtual origin time”
t0, chosen to maximize the extent of the power law scaling
of the fast initial decay; t0 ≈ 0$ 0.2 s for all cases.
Likewise, the y axis is shifted by the remanent vorticity
Lr, which arises since the calculation of L using (1) relies
on the reference value a0 which refers to a state with an
unknown number of vortices. It was chosen again to
maximize the extent of the late-time power law scaling
or was kept zero if no power law scaling was present;
jLrj < 5 mm−2 for all measured cases. Both t0 and Lr were
chosen by hand.
All geometries show similar behavior: after the initial fast

decay for t≲ 0.5 s a slow decay follows. The fast decay is
described well with universal LðtÞ ¼ d2=t2, with d2 ≈
50 mm−2 s2 for sufficiently high L0, which is suppressed
or absent at lower initial densities L0 [see Figs. 2(a) and 2(c)
bottom curves]. For t≳ 0.5 s [LðtÞ ≲ 4 × 102 mm−2]
power law with an exponent close to ξ ¼ 1 follows. For
the C-type device, the 1=t decay independent of initial
density L0 is present for two orders of magnitude in both
time and L, however, both J- and G-type devices show

(a) (b) (c)

FIG. 2. Vortex line density decay from all three geometries for a
range initial densities L0 and similar probe velocity amplitudes
vp ≈ 12 cm=s for all, except for the two gray curves in panel (b),
for which vp ≈ 4.2 cm=s. The dashed straight lines indicate 50=t2

(for t < 0.5 s) and 100=t (for t > 0.5 s) and are identical for all
three. The delay on the order of 10 ms is consistent with the
inverse linewidth of the fourth sound resonance.
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Distribution of glitch sizes is not scale invariant:  

(From review by Antonopoulou, Haskell, Espinoza, 2022)
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Figure 9. Histogram (in a logarithmic scale) of |⌫̇| values for
898 pulsars whose rotation has been searched for glitches [157].
Marked in red are the 137 pulsars in the sample for which glitches
have been found. The percentage of pulsars seen to glitch in
each bin decreases with decreasing |⌫̇|. Data kindly provided by
J.R. Fuentes.

as a whole. The trend that is revealed this way is
a decrease of rg with decreasing spin-down rate |⌫̇|,
as well as with increasing characteristic age ⌧ch =
�⌫/(2⌫̇) [152, 27]. Currently, to the best of our
knowledge, pulsar B0410+69 is the radio source with
the lowest spin-down rate (⌫̇ ' �5 ⇥ 10�16 s�2)
ever seen to glitch. At the other extreme, the vast
majority of very high |⌫̇| pulsars (|⌫̇| & 10�11 s�2)
have displayed glitches, as seen in figure 9. The
pulsar with the highest glitch rate, PSR J0537�6910
(with over 3 glitches per year) [100], has the second
highest |⌫̇| known. Although rg might be more strongly
underestimated for older pulsars, with low spin-down
rate, as these tend to show mostly small glitches
which are harder to detect, this e↵ect alone cannot
explain the observed correlation between rg and |⌫̇|
(and anti-correlation with ⌧ch). The existence of such
a correlation is also supported by theoretical glitch
models. The two commonly invoked mechanisms for
glitch triggers, the unpinning/avalanches of vortices
and (spin-down driven) crustquakes, will be occurring
at a rate that depends on the external driver, in this
case the magnetospheric torque that sets the average
|⌫̇|.

4.2. The changes in frequency and spindown rate

The measured changes in pulsar frequency at the
moment of a glitch cover a very broad range of sizes,
from about 10�5 to few tens of µHz, or, put in relative
sizes, 10�12 . �⌫/⌫ . 6 ⇥ 10�4. The distribution
of glitch sizes, displayed in the first panel of figure
10, appears bi-modal (or multi-modal) [157, 165].
Using a sample of over 500 glitches, the resulting �⌫
distribution in logarithmic space can be described as
a mixture of two Gaussian components. Small and

Figure 10. The distribution of glitch amplitudes �⌫ (upper
panel) and |�⌫̇| (lower panel, data shown only for glitches where
�⌫̇ < 0) in logarithmic scales. Uncertainties are calculated asp
N , where N is the number of elements in each bin. Glitch

parameters were retrieved from the online Jodrell Bank Glitch
Catalogue [27].

intermediate size glitches make up the first, wide,
component, with mean 0.032µHz, whilst a second,
narrow, component includes the largest events and has
a mean of 18µHz [154]. The peak at large glitch
sizes (& 10µHz), which are sometimes called “giant”
glitches, is produced mainly by a modest subset of
pulsars, typically young objects of characteristic age
similar to the Vela pulsar (⇠ 104 yr) [27, 28, 157].
Currently, about 20% of glitching pulsars have shown
at least one large glitch. The bi-modality of the �⌫
distribution is interesting from a theoretical point of
view, as it suggests di↵erences in the processes at work
in “giant” glitches compared to smaller ones. It has
been proposed that the glitch trigger might di↵er in
those two cases; another possibility is that the response
of the superfluid varies with glitch size, leading to an
amplification of large glitches and the second peak in
the distribution. We come back to this point in the
following, when we discuss how large spin-ups might
proceed faster and result in decoupling of a larger
fraction of the star.



The concept of flux creep:  

Anderson & Kim (1964): "Hard Superconductivity: Theory of the Motion of Abrikosov Flux Lines," Reviews 
of Modern Physics.
Kim, Hempstead, & Strnad (1963): "Flux Creep in Hard Superconductors," Physical Review.
 

Pulsar Glitches as  sudden unpinning: Anderson & Itoh 1975

Vortex creep in interaction with sudden unpinning: 
Alpar, Anderson, Pines, Shaham, 1980 - 1984 

Vortex traps, vortex free regions, ideas for avalanche models:  
Alpar, Cheng, Pines, Shaham  late 1980s.



Vortex Creep and Avalanches 

• Vortex creep is driven by the lag  between the rotation rate  
. of the pinned superfluid and  , that of the neutron star crust/

container of the rotating superfluid.  
•  because of pinning. 
• When the distribution of the pinned vorticity is uniform, there are no 

scales; vortices creep radially outward from the rotation axis, spinning 
the pinned superfluid down and transferring angular momentum to the 
crust/container -an “internal torque”. 

• In the absence of any scales the distribution of event sizes 
 where  is the number of vortices involved in the 

fluctuation, should be a power law. 
• The timescale of both the rise and fall of fluctuations should be the 

same, , where is the spin-down rate of the 
neutron star/ lab container. 

ω ≡ Ωs − Ωc
Ωs Ωc

ω > 0

δΩc ∝ δΩs ∝ δNv δNv

τrise ∼ τdecay ∝ δΩc / | ·Ω | | ·Ω |



• Pinned vortices will be clustered into “traps” with size SCALES  dictated by the 
strength of pinning forces  and the critical strain angle of the solid (template) 
containing the pinning centers.  

• Vortices will creep outward from the center of each trap. 
• Around each vortex trap there is a vortex free region. Any vortices that unpin and 

spill into vortex free regions will move with the superfluid flow, very fast, in the 
azimuthal direction with respect to the rotation axis. These unpinned, free vortices 
will also move slightly radially outward, by a distance  per azimuthal 
turn  due to the dissipative drag forces arising from electron and phonon 
scattering. The small scattering angle  , related to the mutual friction parameters, can 
be calculated for a given model of the drag forces. 

• The superfluid velocity, with respect to the velocity of the pinned vortices, is limited 
by the critical velocity difference   that can be maintained by the maximum 
available pinning force. This is almost reached at the boundaries of the trap.  

• When a trap releases vortices, unpinned vortices will move rapidly in the surrounding 
vortex free regions, encountering and triggering other traps building into a relay race, 
an AVALANCHE.  

• The fast motion of the avalanche has a very short TIMESCALE compared to creep.  
• The number of vortices in traps and the number of traps joining the avalanche 

determine the glitch magnitude SCALES.

ΔR ≡ ζ(2πR)
2πR

ζ

vcr





The pinned superfluid is a ring (cylindrical 
shell) of thickness  and radius R , shown as a 
strip of length . Vortex traps of size D, 
surrounded by vortex free regions out to size D’ 
have been formed in a fraction  of the pinned 
superfluid, tiled with traps and surrounding 
vortex free regions (one example tile is shown).  
The remaining (1 -  ) of the pinned superfluid is 
larger, connected  creep regions, dotted with 
uniform vortex density as shown in the figure. 

δR
2πR

η

η

Keep – redraw – rewrite?



• SCALES  dictated by the strength of pinning 
forces  and the critical strain angle of the solid 
(template) containing the pinning centers: 

The size D of the traps scales with the critical strain angle  
                          
Alpar&Pines: Electrons in the NS crust are relativistic; there 
is practically no screening; so the  dimensionless  critical  

strain angle  ;  
here  is the fine structure constant, a is the inter-nucleus 
spacing and Z is the nuclear charge. 

Molecular dynamics also gives O(10-1) 
(Horowitz-Kadau-Chugunov; Caplan, Smith, Bransgrove and 
Horowitz 2026)

D ≅ δR θcr

θcr ≅
Ze2/a
ℏckF

≅ α
Z4/3

(3π2)1/3
≅ O(10−1)

α

θcr ≅



• Around each vortex trap there is a vortex free region. Any vortices 
that unpin and spill into vortex free regions will move with the 
superfluid flow, very fast, in the azimuthal direction with respect to 
the rotation axis. These unpinned, free vortices will also move 
slightly radially outward due to the dissipative drag forces arising 
from electron and phonon scattering.  

• When a trap goes critical, unpinned vortices will encounter and 
trigger other traps building into a relay race, an avalanche.  

• The fast motion of the avalanche has a very short TIMESCALE 
compared to creep.  

• The number of vortices in traps and the number of traps joining the 
avalanche determine the glitch magnitude SCALES.



• Vortices with area density   such that  , in a square of size D’ 
are clustered, at higher density  , and higher superfluid circulation 

 into each trap of size D, so 

                                            . 

• The circulation around the trap gives: 

,   while the critical speed is given by the Magnus Equation,  
 , where  is the superfluid density and  is the maximum 

pinning force per unit length of vortex line. 

 , fixing  in terms of physical parameters. 

  

n0 n0κ = 2Ω
n0 + δn

(n0 + δn)κ = 2Ω̄
D′￼

2

D2
=

Ω̄
Ω

Ω̄ = 2vcr /D
ρsκvcr = fp,max ρs fp,max

D′￼
2

D2
=

2fp,max

ρsκ Ω D
=

2fp,max

ρsκ Ω δR θcr

D′￼
2

D2



• When  unpinned vortices move through the superfluid in an avalanche, the superfluid rotation rate suddenly 

decreases by   in vortex free regions and by  in vortex creep regions.      
• The angular momentum transfer to the crust/container is observed as a glitch  in the crust/container rotation rate. 

Denoting by  and  the total moments of inertia of vortex free regions and vortex creep regions, respectively 
through which the avalanche moved, and by  the crust/container moment of inertia, one obtains: 

                                      

                                     

NAva

δΩ =
NAvaκ
2πr2

δΩ /2
ΔΩ

IB IA
Ic

IBδΩ + IAδΩ/2 = IcΔΩ

IB

IA
≡ β → IA δΩ[β + 1/2] = IcΔΩ



The sudden decrease  in the superfluid rotation rate stops vortex creep. The pinned superfluid stops 
spinning-down. 
(Provided creep is in the nonlinear regime - in the linear regime creep is like linear drag forces; there’s no deep offset.)  

• The pulsar torque is now acting on less moment of inertia, leading to a glitch in the observed spin down rate:   

•           

• Vortex creep will restart gradually as the offset in the lag   heals due to the ongoing 
spin-down of the crust under the pulsar torque.    

• Make the simplifying assumption that by the time   of the next glitch the offset in the lag is completely relaxed,        
                  
                                                                                              ; 

Putting all this together gives the ratio    of vortex free to vortex trap (creep) regions in terms of observed quantities: 

                                                                                                 

δΩ

Δ ·Ω
·Ω

=
IA

I

δω = δ(Ωs − Ωc) = δΩ − | ·Ω | t

tg

δΩ = | ·Ω | tg

β

β =
ΔΩ

|Δ ·Ω | tg
− 1/2



The value of  determined from glitch observations, together with the value of   
leads to an estimate of the tiled fraction    of the pinned superfluid:   

            .  

As a model for pulsar glitches, this simple avalanche model is completely 
solved in terms of observed parameters and physics of solid strength  and 
pinning.  

In experiments and simulations of pinned vortex or flux-line systems,    
and  are set as parts of the experiment or simulation design.  

β (D/D′￼)2

η

IB

IB
≡ β =

1 − η(D/D′￼)2

η(D/D′￼)2
→ η =

1
1 + β

D′￼2

D2

η
(D/D′￼)2



Bounds on the scattering angle  - I:  

Unpinned vortices will encounter a number of traps on their paths given by  

 where the mean free path  . Thus  .  The number 

of vortices unpinned from each encountered trap is .  This must be 

  

less than the number of vortices in a trap  ,  

leading to a bound                                       . 

.  

 

ζ

Nenc =
η 2πRδR
lmfp ΔR

lmfp =
D′￼2

D
Nenc =

η
ζ

Ω δR
2 vcr

Nunpin =
NAva

Nenc
=

ζ
η

8πR vcr

κ

Ntrap =
4D vcr

κ
=

4 δR θcr vcr

κ

ζ <
η θcr

2π
δR
R



Bounds on the scattering angle  - II:  

The avalanche will take a time   .  

For one Vela pulsar glitch, there is an upper bound of 12 s on the glitch rise time 
(Palfreyman et al 2018),  , leading to the bound:  

                                                   .

ζ

ΔtAva =
δR
vr

=
δR

ζ ΩR
=

δR P
ζ 2πR

ΔtAva < 12 s

1.2 × 10−3 δR
R

< ζ



Notes in Conclusion  

• A simple 2-d avalanche model can be solved in terms basic physics of the crust solid and pinning forces and gives 
results consistent with observed glitch sizes in rotation rate and spin-down rate and with intervals between glitches. 

• 3-d effects like the spherical shape of the neutron star, vortex line bending and boundary layers are not included.  

• 2-d experiments and simulations can be done with thin systems. 

• Experimental/simulation designs should have scales, eg by tiling the distribution of pinning centers. 
Other possibilities : vortex - flux sheets, hydrodynamic patterns, changes of geometry like pasta phases introducing fast 
- easy directions. 

• (A simulation with anisotropic pinning distribution indicates a bimodal distribution of ‘glitch’ sizes: Anantharaman et al. 
2026 to be submitted) 

• Experiments spinning the container down under a constant external torque are expected to produce occasional 
sudden spin-up glitches with slower relaxation time scales. 

• Each glitch in the rotation rate of the container is expected to be accompanied by an also sudden step increase in the 
spin-down rate. 



• This is not a percolation process as motion in the azimuthal 
direction is almost free, while motion in the radial direction 
is dissipative - but there is no percolation in 1-d.


