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更多的探测手段

阿里、BICEP PTA,SKA LISA,太极,天琴 LIGO等



LISA, Taiji 等
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Source and Sciences with Low Frequency GWs



• 第一个星系级黑洞什么时候出现，质量和自旋？

• 黑洞形成的历史，黑洞在再电离、星系的演化和结构中作用

• 哈勃常数，宇宙学红移和时间关系

• 并合后的波形和GR的偏离，引力子质量？

• 星系核中的恒星动力学、动力学弛豫过程和质量沉降；

• 低质量星系中存在的黑洞比例？

• 黑洞的多极矩，偏离Kerr？致密天体视界面有无？

• 替代引力理论检验

• 宇宙极早期，Planck尺度的宇宙学；相变？

• Higgs场自耦合，超对称

• 亚毫米额外维？膜宇宙？宇宙弦？

• Unknown？

Source and Sciences with Low Frequency GWs



Test of FP with LISA

Arun+，LRR (2022)25:4 



引力波检验引力理论 (GWs test GR )

➢ 基本原理：WEP、LLI、LPI、EEP、SEP

➢ 引力波传播效应检验：WEP、dispersion

➢ 引力波偏振自由度检验 (GW polarization test)

➢ 多种引力理论检验（PPE test, quantum gravity…）

➢ 黑洞本质检验（no-hair theorem, ECO, horizon …）



引力波传播性质
• GR: gravitons are massless spin-2 particles 

• Alternative theories: graviton may have mass (Will 1998, LVC, 
2016b...) 

• Dispersion: frequency, polarization, direction-dependent 
propagating velocities of GWs. 

• Lorentz violation → additional polarizations → speed of extra 
polarizations may not c (Sotiriou 2018, Shao 2020)

• WEP violation: speed depends on frequency and gravity;
Coupling with cosmology 

• GW tests: gravition couplings and decays into other particle 
(Creminelli+2020) or oscillations (Hassan+2012): LISA\Taiji 3 
order better than LIGO



WEP: 

Curvature of spacetime

WEP broken：GWs propagation related to frequencies



EP

• WEP. Dropping two different bodies in a gravitational field, 

WEP states that the bodies fall with the same 

acceleration. 

• EEP：WEP + local Lorentz invariance (LLI) + local 

position invariance (LPI) ；

• SEP: WEP is valid for self-gravitating bodies + LLI + LPI 

including gravitational experiments.



通过自由落体实验检验WEP

Will 2014
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穿过银河系的自由落体实验
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progenitors have been identified, the physical nature of
FR B srem ainsunderdebate. M any possible explanations
for FR B s have been proposed,including m agnetar flares
[11],neutron star m ergers [12],w hite dw arfm ergers [13],
collapsing super-m assive neutron stars [14,15],com pan-
ions ofextragalactic pulsars [16],asteroid collisions w ith
neutron stars [17], quark nova [18], and dark m atter-
induced collapse ofneutron stars [19]. A llofthese m od-
els considered FR B s as extragalactic burst sources. It is
w orth noting that som e other m odels, w hich suggested
a G alactic (i.e., M ilky W ay) origin for FR B s, have also
been proposed, e.g., galactic flare stars [20] and atm o-
spheric phenom enon [21].
IfFR B sare indeed confirm ed to be cosm ologicalorigin,
they w ill be a useful cosm ic probe. For exam ple, they
can be used to determ ine the baryon m ass density ofthe
U niverse [22], and they could also be used to constrain
cosm ological param eters and the dark energy [23, 24].
H ere w e propose that cosm ic originated FR B s are also
good candidates for constraining the E E P, w hich could
further expand the scope ofthe tested E E P energy range
out to the radio band w ith high accuracy.
C om pared to the prospects of G R B s in constraining
the E E P, the FR B s have tw o advantages. Firstly, the
sim ple sharp feature ofthe FR B signalallow us to easily
derive the observed tim e delay betw een different frequen-
cies,and their tim e lags are usually shorter than that of
m ost G R B s. T he value ofthe tim e delay plays an im por-
tant role in constraining the E E P,a sm aller tim e delay
leading to better constraints on the E E P. Secondly, al-
though G R B s are m ulti-w avelength transients,it is hard
to m easure in them the arrivaltim e lag in the radio band.
A m ore prom ising w ay to further extend the E E P tested
energy range dow n to the radio band is w ith the help
of FR B s. In addition, if a fraction of the FR B s origi-
nate from the delayed collapse of superm assive m illisec-
ond m agnetars to black holes [14],it has been suggested
that these sources could be associate w ith som e G R B s
[15]. In this case,the G R B location providesinform ation
additionalto that ofthe FR B tim e delay. In this paper,
w e extend the w ork of R ef. [2] by presenting stronger
constraints on the E E P using FR B s.

II. M E T H O D O F T E S T IN G T H E E E P

For a cosm ic transient source,the observed tim e delay
betw een tw o different energy bands should include five
term s [2]:

∆ tobs = ∆ tint + ∆ tL IV + ∆ tsp e + ∆ tD M + ∆ tgra . (1)

∆ tint is the intrinsic (astrophysical) tim e delay betw een
tw o test photons,∆ tL IV is the tim e delay caused by the
effect of Lorentz invariance violation, and ∆ tsp e repre-
sents the potentialtim e delay due to special-relativistic
effects in the case w here the photons have a rest m ass
w hich is non-zero. ∆ tD M is the tim e delay contribu-
tion from the dispersion by the line-of-sight free electron

content,w hich is non-negligible especially for low energy
photons,such as the radio signals considered. ∆ tgra cor-
responds to the difference in arrivaltim e oftw o photons
ofenergy E 1 and E 2,caused by the gravitationalpoten-
tialU (r) integrated from the em ission site to the E arth,
w hich reads

∆ tgra =
γ1 − γ2

c3

re

ro

U (r)dr , (2)

w here re and ro are locations ofsource and observation,
γ is the P P N param eter. For the purposes ofthis w ork,
both ∆ tL IV and ∆ tsp e are negligible,w e thus ignore them
in our analysis (see R ef. [2], for m ore explanations).
Leaving out the negligible com ponents, and assum ing
that ∆ tint > 0,w e have

∆ tobs − ∆ tD M >
γ1 − γ2

c3

re

ro

U (r)dr . (3)

For a cosm ic transient,in principle,U (r) has contribu-
tions from the gravitationalpotentialof the M ilky W ay
U M W (r), the intergalactic potential U IG (r) betw een the
transient host galaxy and the M ilky W ay,and the poten-
tialofthe host galaxy U host(r). T he potentialm odels for
U IG (r)and U host(r)are poorly know n,butitisvery likely
that the effect ofthese tw o term s is m uch larger than if
w e sim ply assum ed that the potentialis just U M W (r) ex-
tended to the distance of the transient. A dopting the
K eplerian potentialfor our galaxy,w e have

γ1 − γ2 < (∆ tobs − ∆ tD M )
G M M W
c3

− 1

ln− 1 d

b
,

(4)
w here M M W 6×1011M is the M ilky W ay m ass[25],d
is the distance from the source to the E arth,and b is the
im pact param eter ofthe light rays relative to the M ilky
W ay center [26].

III. T E S T S O F T H E E E P U S IN G F R B S

A s m entioned above,ifFR B s are proven to be ofcos-
m ologicalorigin and if their distances can in the future
be accurately m easured, FR B s w ill be a new pow erful
toolfor obtaining E E P constraints,w hile extending the
tested energy range dow n to the radio band.
T he single-dish telescope used to detect all but one
of the currently know n FR B s localizes these sources to
about 0.25 degrees [8],and hence electrom agnetic coun-
terparts,ifany,such as G R B s,m ay be criticalto deter-
m ine distances and thereafter analyze source energetics
and estim ate event rates [15,27].
So far, there are tw o m ain m ethods to estim ate the
distances of FR B s. T he first m ethod (M ethod 1) is to
directly estim ate the redshifts ofthe FR B s through their
D M values (e.g.,R ef. [8]). In this m ethod,som e delicate
assum ptions are adopted,w hich can result in a large un-
certainty for the source distance. For exam ple, to esti-
m ate the D M value,∆ tobs≈∆ tD M isassum ed. H ow ever,



所有这些测试有一个简单但有缺陷的假设：
把观测到的时延全部当成由弱等破坏导致的

比如把中微子和光子的时间差
不同频率光子的时间差
光子和引力波的时间差

全部当成由弱等破坏造成

或者引力波高频和低频的时间差
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我们精确地知道引力波出发时的高频和低频时延！



WEP tests



Using 10 BBH events in the LIGO-Virgo catalog

Tools: PYCBC, Bilby



GW170817

Yang, Han + MNRAS Lett. 2020



GW170823

Yang, Han & Wang MNRAS Lett. 2020



GW170104

Yang, Han & Wang MNRAS Lett. 2020



GW dispersion: propagation effect on GW phase

引力子有质量

色散：不同频率引力波传播速度不同！

和宇宙学参数耦合：

Habble const.    damping of amp.    Speed of GW  dispersion relation
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T esting dispersion of gravitationalw aves

graviton,and cisthe speed oflightin vacuum .In som em odified gravity theoriesm g
could be nonzero,and the Lorentz invariance is no longer accurate.M any m ethods

are proposed to testLorentz invariance,including G W observations16 and m ethods

that are independent of cosm ological m odels.17 Since the detection of G W s, w e

could now test the Lorentz invariance in the dynam ical sector of gravity.3,18 To

accom plish this,w econsidera Lorentz-violating graviton dispersion relation16 ofthe

form E 2 = p2c2 + m 2gc
4 + A pα cα,w here α and A are Lorentz-violating param eters

w hich characterize the difference betw een G R and m odified gravity theories.T he

values ofα and A are different in different m odified gravity theories.T he speed of

the graviton vg in this dispersion relation is16

v2g
c2
= 1 −

m 2gc
4

E 2
− A E α− 2

vg
c

α

. (1)

T he constraint on m g play an im portant role in the dispersion of G W s. In the
follow ing,w e consider the sim plest situation that A is set to zero,in w hich there is

no violation ofLorentz invariance.In this case,E q.(1) reduces to that ofa sim ple

m assive graviton,i.e.

v2g
c2
= 1 −

m 2gc
4

E 2
. (2)

In som e astrophysicalevents such as G W sources w ith electrom agnetic coun-

terparts, w e could give a rough constraint on m g by E q. (2), provided that the

inform ation of the ratio of vg and c. T he total energy of the graviton E here
could be acquired from the frequency f of G W s by de B roglie relations.In 2017,
a m ulti-m essenger observation6,19 of a binary neutron star m erger found a 1.7s
delay of the gam m a-ray burst com pared to the m erger tim e, and the m erge fre-

quency is about 400H z.T he speed difference betw een G W s and light in vacuum

(vg − c)isfrom − 3×10− 15 to + 7×10− 16 tim es the speed oflight.20 B y using above
data and E q. (2), w e get the constraints on the rest m ass of the graviton m g ≤
1.3×10− 19 eV /c2 and the C om pton w avelength ofthe graviton λg > 9.7×109 km .
T he accuracy ofthis estim ation on m g w ould be better w ith m ore such events be
detected in future. In addition, the speed difference observed here is depend on

the m odelofG W source,a m odel-independent m easurem ent could be applied by

observing strongly lensed G W s and the corresponding electrom agnetic signals.21

A nother w ay to constrain m g focuses on the gravitational w aveform of com -
pact binaries.A s m entioned above,ifG W s are dispersive,then G W s w ith different

frequencies w ould propagate at different velocities. D uring the evolution of com -

pact binaries,the high-frequency G W s produced later w ould propagate faster than

the low -frequency G W s produced earlier.C onsequently,there w ould be distortion

applied to the w aveform s of G W s com pared to that of nondispersive cases.C on-

sidering tw o gravitons em itted at te and te w ith different frequency fe and fe (or
w ith energies E e and E e),w hich w illbe received at corresponding arrivaltim es ta
and ta.Provided that during the dif ference ofem itting tim e (∆ te = te − te) there is
little change on the scale factor a,then the delay ofarrivaltim es oftw o gravitons

1950166-3
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Mirshekari +2012

Barausse+ 2020; Ezquiaga+ 2018, 2021; Creminelli+2020

LIGO: using BBHs, for one signal, the speed of later stage than earlier



For space-borne detectors: using EMRIs

EMRIs can radiate many voices with different frequency at the same time:
If the speed of different voices are different, then
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T esting dispersion of gravitational w aves

m ethods w e used for eccentric orbits can be found in our previous w ork27,28 for

E M R Is and binary black holes (SE O B N R E ),respectively.T he evolution oforbital

param eters due to gravitationalradiation for extrem e m ass-ratio cases are calcu-

lated from the form alism s given by Sago and Fujita29 (see E qs.(C 6) and (C 7) in

this literature for details).

T he post-N ew tonian orbital evolution and w aveform s for a binary system

have been discussed in several papers.30–33 In this w ork, w e use the Teukolsky-

based w aveform s w hich are solved from the Teukolsky equations.34 O ur m ethod

is based on frequency-dom ain decom position,and has been developed in previous

w orks,25,27,35,36 in w hich the gravitationalw aveform from an eccentric E M R I w ith

totalm ass M at distance R , latitude angle Θ and azim uthalangle Φ of could be
w ritten as (in geom etricalunits G = c = 1)

h+ − ih× =
2

R
lm k

Z Hlm k
ω2m k

− 2S
aω
lm k (Θ)e

− iφm k + im Φ, (8)

w here l, m , k are the harm onic num bers,φm k ≡ ωm k(t)dt, − 2S aωlm k(Θ) denotes
spin-w eighted spheroidal harm onics w hich depend on the polar angles Θ of the

observer’s direction ofsight and the direction oforbitalangular m om entum ofthe

source,and Z Hlm k describe the am plitude ofeach m ode,w hich could be calculated
by the radial com ponent of Teukolsky equation (see A ppendix A for details). In

this paper,w e setΘ = 0 (“face on”) and Φ = 0 w ithout losing the generality,and

ωm k is

ωm k = m Ωφ + kΩr, (9)

w here Ωr and Ωφ denote the orbital frequencies of radial and azim uthal direc-

tion,respectively.For including the m ass-ratio correction,w e use the E O B dynam -

ics to calculate these tw o fundam ental frequencies, see our previous w ork for

details.25,27,28 In this w ork,the w aveform w ith dispersion could be w ritten as

h+ − ih× =
2

R
lm k

Z Hlm k
ω2m k

− 2S
aω
lm k (Θ)e

− iφm k + im Φ+ iωm k ∆ t
m k
a , (10)

w here ∆ tm ka is the arrivaltim e-delay ofa specified “voice”w ith harm onic num ber

m , k.B y E q.(7) w e know ∆ tm ka is the function of tw o em it frequencies fm ke and

fm ke of(m , k) and (m , k ) m odes,respectively,w hile fm ke = ωm k/2π.In this w ay
the dispersion effect is introduced in the w aveform .D ue to the orbit evolution of

the binary system that caused by radiation reaction,the term s Z Hlm kS
αωm k
lm k (θ),ωm k

and ∆ tm ka are actually changing as the evolution of eccentricity e and sem i-latus
rectum p,and w e take the w aves ofthe largeststrain37 for w hich l= m = 2.In this
w ay for a certain system state,the am plitudes of m odes depend on the harm onic

num ber k.25

B ased on above discussions,by using aLIG O and A dV ’s low er lim it3 on λg =

1.6×1013 km , w e calculate som e values of ∆ ta in different orbital eccentricities
for different totalm asses of system M .W e use the cosm ological-param eter values
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Testing GW dispersion with EMRI

Yang + 2019

比LIGO当前结果提高2-3个量级！



b-EMRI can confirm or rule out GW dispersion

LISA can determine the orbital 
parameters of EMRIs ~ 0.1%

Chen, Han, Com. Phys. 2018

Han & Chen MNRAS Lett, 2019



b-EMRI can definitely confirm or rule out GW dispersion

EMRI data flow

BHB merger time

glitch due to merger

Han & Chen MNRAS Lett, 2019

Time delay could be up to 1 year!



Test GR with BHB GW radiation

Inspiral: 
1,accurate measure PPN (Will 
2014), PPE parameters (Yunes
2009);
2, scalar dipole radiation, Lorentz 
symmetry, gravition mass, several 
order better than LIGO 
(Chamberlain 2017)
3, combining with LIGO, Taiji can 
accurate predict the BHB merger 
time, comparing with LIGO 
results will have 6 order better of 
dipole radiation constraint 
(Barausse 2016)
Ringdown:
No-hair theorem tests, need 
parametrized waveforms! (Li, 
Han+ 2020, 2022)

PPN, PPE BHPNR

For merge: still challenge
Highly non-linear, dynamical process
need No-GR numerical relativity



Test of GW polarizations with joint detectors

LVC,2020



Better test on polarization with KAGRA



Wang, Han, 2020



Test of GW polarizations and PPE with Taiji-Lisa



Test of GW polarizations and PPE with Taiji-Lisa



Test of GW polarizations and PPE with Taiji-Lisa



Test of GW polarizations and PPE with Taiji-Lisa

Wang & Han, 2021, PRD



Test GR with SMBHB by Taiji/LISA

1, GW dispersion

2, PPE and polarization tests

Two orders better than

LIGO current results

Zhong, Han, Luo, Wu, SCMP, 2023



Testing Black Hole (BH)
• GR: neutral BHs only have two 

parameters: mass and spin-----

No-hair theorem. 

• event horizon---- a surface where 
light can not escape;

• Singularity is covered by horizon

Dynamical spacetime 
evolution of BHs

Stationary spacetime 
information of BHs

Gravitational waves

EM observation



From Danzmann, 2017 May 25, Beijing



Credit: Danzmann



Compact like as BH, but without horizon: 
exotic compact object (ECO)with hard surface at Plank scale

Cardoso & Pani, 2019

Compact like as 

BH, but without 

horizon: exotic 

compact object 

(ECO)with hard 

surface at Plank 

scale



Cardoso & Pani, 2019



Potential barrier near horizon —> GW echoes

Cardoso & Pani, 2019

Potential barrier near horizon —> GW echoes

In principle, ringdown 
mainly reflect the 

properties of light ring 
rather than horizon



Test BHs with SMBHB by Taiji/LISA

1, final BH parameter estimation

2, GW echos

Zhong, Han, Luo, Wu, SCMP, 2023

Xin+, 2021



Test BHs with SMBHB by Taiji/LISA

1, BH area theorem

2, Gravitational recoil: > 900 km/s

Zhong, Han, Luo, Wu, SCMP, 2023



EMRI: distinguish BH/ECO not 

from echo but from inspiral!

Surface produce different flux.         → EMRI/IMRI waveform dephase

Zhong+ 2023

EMRI can measure the tidal love number at q1/2
(Pani, 2019)



Conclusions

➢空间引力波探测器可以极高精度地测量黑洞稳态和动态形
状 (Measure BH accurately both for stationary and 

dynamical spacetime)；

➢检验广义相对论 (test GR): 引力波的传播规律、偏振、黑洞
性质, 非真空GR…

➢新物理？(New Physics):量子引力、大统一场论（Wu）

➢需要一个系统的理论来统一各种no-GR效应

➢需要精确的模板和数据分析: 简并和混淆



Thanks!
wbhan@shao.ac.cn

mailto:wbhan@shao.ac.cn
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