
Once we have space-based gravitational wave detectors, we 
will know eccentricities of those binary black hole systems, 

and then know how they are formed

Massive thanks to my supervisor 
and collaborators (｀・ω・´)

TL; DR:

• How those stellar-mass binary black holes (sBBHs) are formed? 
Orbital eccentricity is the key

• But it is not enough if rely on ground detectors only
• Turn to space detectors? Still have their own challenge on this

• Embrace both sides! We did a kind of multiband search called 
“archival search”, then the detection could cost less

• Having said this, it still incurs additional computational cost when 
bring in the eccentricity, which should let folks be aware of

• Anyway, we first implemented a real archival search process and 
also estimated how much burden was added

Many sBBHs have been detected so far 
since 2015, well done LIGO/Virgo! But 
astronomers are even more confused 
about how these systems formed.

The eccentricity can be the key，but the 
systems we've seen so far are all 
(almost) circular.

Why? The closer black holes get, the 
more energy they lose, the more 
circular their orbits become. Almost no 
eccentricity retains by the merger time. 
That's the limitation of ground detectors.

So how can we see the pre-merger 
signals?

Space detectors: Here I am to help!

sBBHs are within the sensitive range 
of space detectors during the inspiral 
phase, before they are fully 
circularized.

More circular, 
less eccentric.

e=0 for 
circular orbit
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See Fig 1↓! Astronomers have done various 
models, such as:
• sBBHs are isolated, no one bothers them, 

then the orbits will tend to be circular；
• If they're in a busy place like a globular 

cluster, the eccentricity is quite a bit bigger;
• But if they get thrown out of the cluster 

halfway through merger, it's not much 
different from isolated evolution；

• It 's even more crowded if you consider 
active galactic nuclei or something, then the 
eccentricity will be very close to 1.

I. From the very first beginning 
to what we gonna do

中文版点这里

中文版
点这里

https://humphreywang.github.io/docs/2304.10340AccessibleSummary.pdf


Archival 
Search

e in ground detector band

e in space detector band
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Our work proves: 
Space detectors can 
distinguish smaller e

The line of LIGO is almost 
on the axis, so many 
models to the left waiting 
to be distinguished

Our work: Because of resource 
constraints we go this big for now, 
but that doesn’t mean to be the 
upper limit of the space detectors

Fantastic! So how exactly should we 
detect them? Match filtering.

It's like recognizing a song by listening to 
it, first you need to have a template bank 
that cover a wide range of songs. Ground 
detector signals lasts for a few seconds, 
100,000 is enough, but space detector 
signals can be several years, then we 
need 1030, which is really terrible!

Then someone came up with an idea: 
why not look at the merger signals given 
from the ground, and then go to the 
archival data of space detectors to see if 
you can find them, i.e., archival search.

This is very targeted, most of the 
information is already in hand, we just 
need a small template bank for the space 
detectors.

Nice idea, but no one really 
implemented this yet, let alone 
take the eccentricity into account.

Now it is our turn↓

II. Technical details

To build up a template bank 
we need a waveform, we 
choose one called EccentricFD

For space detectors we consider 
TianQin (天琴) and LISA. They are 
both planned to work in 2030s.

So the next generation ground 
detectors like Cosmic Explorer (CE) 
and Einstein Telescope (ET) are
really the detectors for archival 
searches

But CE and ET haven't really started 
working yet either, so we need to 
find a way to estimate their 
detection capability: A tool called the 
Fisher Information Matrix.

https://inspirehep.net/literature/1691633
https://tianqin.sysu.edu.cn/
https://www.lisamission.org/


After calculating we are glad to find it 
was similar to the conclusions of 
previous work.

Ground detectors can measure most of 
the parameter more accurately more 
than space detectors, but not these two:

One is the previously mentioned 
eccentricity; the other is the dominant 
parameter chirp mass M.

So we will fix all the other parameters 
and generate template banks on these 
two parameters.

So what do you use to generate a 
template bank? sbank, a Python package.

In reality, it's impossible for the data to 
be identical to the template, so how do we 
assess whether they are matched or not?

Good question, that's what the fitting 
factor FF is for. We usually take 0.97 as 
the threshold, anything lower than that 
means they doesn’t match, and your 
template bank fails to find that signal.

But don't hurry, there are still several 
things to keep in mind, space detectors 
have to take into account the antenna 
response, harmonics should also be 
considered because of the eccentricity, 
and ...... It's a lot more trouble than 
one might expect!

III. Template bank! Here we go!

Wait a minute! With all the difficulties 
mentioned above, why don't we just 
FORGET about the eccentricity?

Then we have to see how small an e can 
we ignore, see Fig 2↑: Use a non-
eccentric template bank to match signals 
with a variety of eccentricity. Just a small 
e it won’t match! So we can’t think about 
being lazy >_<
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eccentricity

From here TianQin/LISA are 
already able to distinguish whether 
the signal is eccentric or not

What's going on inside? Check this GitHub 
repo：HumphreyWang/sbank_simplified

https://github.com/HumphreyWang/sbank_simplified


Now let‘s generate template banks with 
only eccentricity and chirp mass 
separately, see Table 1↑. We need 
100,000 templates for eccentricity only?! 
Also the code was running on the server 
for a looooooooooong time. Come on, we 
only consider eccentricity up to 0.1 here!

Leaving aside this for a moment, this 
eccentricity distribution is interesting, 
it matches the estimate from previous 
study, see Fig 3↓: the larger the 
eccentricity, the larger the number of 
templates needed in a same range

In that case, we can estimate the size of 
the template bank when considering both 
parameters: Hundreds of millions of 
templates. Templates for space detector 
are already complex and slow to 
calculate, that'll take ages to calculate!

Wait! Are these numbers reliable? 
What if things aren't that bad and 
we're overestimating?

See Fig 4↓: Let's do a validity and 
redundancy test

• Validity: pass √
• Redundancy: low, pass √

So, our conclusions still hold true.

We also did try to calculate a smaller 
2D template bank, and the results 
reinforced the order of magnitude 
estimate presented above

IV. From what we have done to 
painting a rosy picture for the future :)

We've really got archival search 
working, added eccentricity on top of 
that, and estimated how much the 
additional burden is.



Outreach videos about gravitational waves [中文]：
• Gravitational Waves: Starting with 3+1 Questions
• Multimessenger Astronomy: Sharp Ears and Keen Eyes

View the original in: https://humphreywang.github.io/

Font: LXGW WenKai GB / 霞鹜文楷 GB
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Fitting Factor

Redundancy: no 
need for two 
identical templates, 
so templates can't 
be too similar to 
each other

Validity: Any 
of the signals 
in that range 
should have 
at least one 
matching 
templates in 
the bank

V. Thank you all!

The Shoulders of Giants Here↓
(With 3 pages more but let’s end it here)

Thanks for Watching！

It's true that we solved a problem, but 
brought new challenges. Don't worry too 
much, on the one hand we do need more 
efficient algorithms, on the other hand 
computational cost will unlikely to be an 
issue in the 2030s

Our work demonstrates that this 
approach can indeed help to distinguish 
how these sBBH systems are formed

But one thing is, we used a waveform 
with eccentricity but no spin, which is 
fine in this paper, but more accurate 
waveforms needed in the future!

People seem to think that with 
so many parameters of sBBHs, 
one more (eccentricity) won't 
be too difficult. But we show 

that it is not true!

Folks, we still 
have a lot to do :)

https://www.bilibili.com/video/BV1Cr4y1m7ax/
https://www.bilibili.com/video/BV1xW4y1Q7or/
https://humphreywang.github.io/
https://github.com/lxgw/LxgwWenkaiGB
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