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​This​​paper​​explores​​the​​theoretical​ ​potential​​of​​utilizing​​quantum​​entanglement,​
​specifically​​through​​the​​generation​​and​​application​​of​​squeezed​​states​​of​​light,​​to​
​enhance​ ​the​ ​sensitivity​ ​of​ ​gravitational​ ​wave​ ​detectors.​ ​We​ ​delve​ ​into​ ​the​
​fundamental​ ​limitations​ ​imposed​ ​by​ ​quantum​ ​noise​ ​in​ ​conventional​
​interferometric​ ​detectors​ ​and​ ​investigate​ ​how​ ​the​ ​injection​ ​of​ ​squeezed​ ​states​
​can​ ​circumvent​​these​​limitations.​ ​We​​present​​a​​detailed​​theoretical​ ​framework​
​for​ ​implementing​ ​squeezed​ ​light​ ​in​​advanced​​gravitational​​wave​​observatories​
​and​ ​analyze​ ​the​ ​expected​ ​improvements​ ​in​ ​signal-to-noise​ ​ratio.​ ​The​ ​analysis​
​includes​​a​​rigorous​​treatment​​of​​the​​quantum​​mechanical​​interactions​​within​​the​
​interferometer,​ ​considering​ ​realistic​ ​experimental​ ​imperfections.​ ​Our​​findings​
​suggest​ ​that​ ​the​ ​strategic​ ​deployment​ ​of​ ​quantum​ ​entanglement​ ​offers​ ​a​
​promising​​pathway​​towards​​significantly​​improving​​the​​detection​​capabilities​​of​
​future​ ​gravitational​ ​wave​ ​detectors,​ ​opening​ ​new​ ​avenues​ ​for​ ​exploring​ ​the​
​universe.​

​1. Introduction​

​The​ ​groundbreaking​ ​detection​ ​of​ ​gravitational​ ​waves​ ​(GWs)​ ​by​ ​the​ ​Laser​ ​Interferometer​
​Gravitational-Wave​ ​Observatory​ ​(LIGO)​ ​and​ ​Virgo​ ​collaborations​ ​has​ ​ushered​ ​in​ ​a​ ​new​ ​era​ ​of​
​astrophysics,​​allowing​​us​​to​​probe​​the​​universe​​through​​a​​previously​​inaccessible​​window.​​These​
​ripples​ ​in​ ​spacetime,​ ​predicted​ ​by​ ​Einstein's​ ​theory​ ​of​ ​general​ ​relativity,​ ​provide​ ​invaluable​
​information​ ​about​ ​the​ ​most​​energetic​​events​​in​​the​​cosmos,​​such​​as​​black​​hole​​mergers,​​neutron​
​star collisions, and the early universe.​

​However,​ ​the​ ​detection​ ​of​ ​gravitational​ ​waves​ ​is​ ​an​ ​exceedingly​ ​challenging​ ​endeavor.​ ​The​
​signals​ ​are​ ​incredibly​ ​weak,​ ​requiring​ ​detectors​ ​of​ ​extreme​ ​sensitivity.​ ​Current​ ​state-of-the-art​
​interferometric​ ​detectors​ ​like​ ​Advanced​ ​LIGO​ ​operate​ ​near​ ​the​ ​fundamental​ ​limit​ ​imposed​ ​by​
​quantum​​noise.​​This​​noise​​arises​​from​​the​​inherent​​uncertainty​​in​​the​​position​​and​​momentum​​of​
​photons used to probe the spacetime distortions caused by gravitational waves.​
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​The​ ​primary​ ​sources​ ​of​ ​quantum​ ​noise​ ​in​ ​interferometers​ ​are​ ​shot​ ​noise​ ​and​​radiation​​pressure​
​noise.​ ​Shot​ ​noise​ ​originates​ ​from​ ​the​ ​discrete​ ​nature​ ​of​ ​photons​ ​and​ ​limits​ ​the​ ​precision​ ​with​
​which​​the​​laser​​beam's​​phase​​can​​be​​measured.​​Radiation​​pressure​​noise,​​on​​the​​other​​hand,​​arises​
​from​​the​​momentum​​transfer​​of​​photons​​to​​the​​mirrors,​​causing​​them​​to​​fluctuate​​and​​introducing​
​uncertainty​​in​​their​​position.​ ​These​​two​​noise​​sources​​exhibit​​an​​inverse​​relationship,​​creating​​a​
​"standard​​quantum​​limit"​​(SQL)​​that​​dictates​​the​​minimum​​achievable​​noise​​level​​in​​conventional​
​interferometers.​

​To​ ​overcome​ ​the​ ​SQL​ ​and​ ​further​ ​enhance​ ​the​ ​sensitivity​ ​of​ ​GW​ ​detectors,​ ​researchers​ ​are​
​exploring​ ​various​ ​quantum​ ​metrology​ ​techniques,​ ​with​ ​a​ ​particular​ ​focus​ ​on​ ​utilizing​ ​quantum​
​entanglement.​ ​Quantum​ ​entanglement,​ ​a​ ​peculiar​ ​phenomenon​ ​where​ ​two​ ​or​ ​more​ ​particles​
​become​ ​correlated​ ​in​ ​such​ ​a​ ​way​ ​that​ ​their​ ​fates​ ​are​ ​intertwined​ ​regardless​ ​of​ ​the​ ​distance​
​separating​ ​them,​ ​offers​ ​a​ ​unique​ ​opportunity​ ​to​ ​manipulate​ ​and​ ​reduce​ ​quantum​ ​noise.​
​Specifically,​​the​​generation​​and​​injection​​of​​squeezed​​states​​of​​light​​into​​the​​interferometer​​arms​
​can​ ​redistribute​​the​​quantum​​uncertainty,​​reducing​​the​​noise​​in​​the​​phase​​measurement​​(relevant​
​for​​detecting​​GWs)​​at​​the​​expense​​of​​increasing​​the​​noise​​in​​the​​amplitude​​(which​​is​​less​​critical​
​for GW detection).​

​The​ ​objective​ ​of​ ​this​ ​paper​ ​is​ ​to​ ​provide​ ​a​ ​comprehensive​ ​theoretical​ ​analysis​ ​of​ ​the​ ​potential​
​benefits​​of​​employing​​quantum​​entanglement,​​through​​squeezed​​states,​​to​​enhance​​the​​sensitivity​
​of​ ​gravitational​ ​wave​ ​detectors.​ ​We​ ​will​ ​delve​ ​into​ ​the​ ​theoretical​ ​framework,​ ​explore​ ​the​
​practical​ ​challenges​ ​associated​ ​with​ ​implementing​ ​squeezed​​light​​in​​large-scale​​interferometers,​
​and​ ​assess​ ​the​ ​expected​ ​improvements​​in​​detector​​performance.​​This​​analysis​​aims​​to​​provide​​a​
​solid​​foundation​​for​​future​​research​​and​​development​​efforts​​aimed​​at​​pushing​​the​​boundaries​​of​
​gravitational wave astronomy.​

​2. Literature Review​

​The​​theoretical​​foundations​​for​​using​​squeezed​​states​​in​​interferometry​​were​​laid​​out​​decades​​ago.​
​Caves​ ​(1981)​ ​[1]​ ​demonstrated​ ​that​ ​injecting​ ​squeezed​ ​light​ ​into​ ​the​ ​unused​ ​port​ ​of​ ​an​
​interferometer​ ​could​ ​reduce​ ​quantum​ ​noise​ ​and​ ​improve​ ​sensitivity.​ ​This​ ​seminal​ ​work​
​highlighted the potential for circumventing the standard quantum limit using quantum techniques.​

​Xiao​ ​et​ ​al.​ ​(1987)​ ​[2]​ ​experimentally​ ​demonstrated​ ​the​ ​generation​ ​of​ ​squeezed​ ​light​ ​using​ ​an​
​optical​​parametric​​amplifier​​(OPA).​​This​​experiment​​provided​​a​​crucial​​proof-of-principle​​for​​the​
​feasibility of producing the necessary quantum states for enhanced interferometry.​

​Brif​ ​and​ ​Mann​ ​(1999)​ ​[3]​ ​provided​ ​a​ ​detailed​ ​theoretical​ ​analysis​ ​of​ ​the​ ​interaction​ ​between​
​squeezed​​light​​and​​the​​interferometer​​mirrors,​​taking​​into​​account​​the​​effects​​of​​radiation​​pressure​
​noise.​​Their​​work​​highlighted​​the​​importance​​of​​carefully​​optimizing​​the​​squeezing​​parameters​​to​
​achieve the maximum possible noise reduction.​

​Kimble​ ​et​ ​al.​ ​(2001)​ ​[4]​ ​proposed​ ​a​ ​detailed​ ​scheme​ ​for​ ​implementing​ ​squeezed​ ​light​ ​in​
​Advanced​​LIGO.​​This​​proposal​​outlined​​the​​specific​​requirements​​for​​the​​squeezed​​light​​source,​
​the injection optics, and the overall integration into the existing detector infrastructure.​
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​Goda​​et​​al.​​(2008)​​[5]​​reported​​the​​first​​experimental​​demonstration​​of​​squeezed​​light​​injection​​in​
​a​ ​gravitational​ ​wave​ ​detector​ ​prototype.​ ​This​ ​experiment,​ ​conducted​ ​at​ ​the​ ​GEO​ ​600​ ​detector,​
​showed​ ​a​ ​modest​ ​improvement​ ​in​ ​sensitivity,​ ​providing​ ​valuable​ ​experience​ ​and​ ​validating​​the​
​theoretical predictions.​

​Aasi​ ​et​ ​al.​ ​(2013)​ ​[6]​ ​presented​ ​the​ ​conceptual​ ​design​ ​of​ ​Advanced​ ​LIGO​ ​and​ ​explicitly​
​mentioned​​the​​plans​​for​​implementing​​squeezed​​light​​technology​​to​​enhance​​its​​sensitivity.​ ​This​
​demonstrated​ ​the​ ​commitment​ ​of​ ​the​ ​LIGO​ ​collaboration​ ​to​ ​pursuing​ ​quantum-enhanced​
​detection techniques.​

​LIGO​​Scientific​​Collaboration​​(2018)​​[7]​​published​​a​​comprehensive​​review​​of​​the​​current​​status​
​of​ ​gravitational​ ​wave​ ​detection,​ ​including​ ​a​ ​discussion​ ​of​ ​the​ ​ongoing​ ​efforts​ ​to​ ​implement​
​squeezed​ ​light​ ​technology​ ​in​ ​Advanced​ ​LIGO.​ ​This​ ​review​ ​highlighted​ ​the​ ​challenges​ ​and​
​opportunities associated with this technology.​

​Buonanno​ ​and​ ​Chen​ ​(2002)​ ​[8]​ ​explored​ ​the​ ​broader​ ​implications​ ​of​ ​quantum​ ​metrology​ ​for​
​gravitational​ ​wave​ ​detection,​ ​including​ ​the​ ​potential​ ​for​ ​using​ ​more​ ​advanced​ ​quantum​ ​states​
​beyond squeezed states, such as entangled photons.​

​Schnabel​ ​(2017)​ ​[9]​ ​provided​ ​a​ ​comprehensive​​overview​​of​​quantum​​metrology​​techniques​​and​
​their​ ​applications​ ​in​ ​various​ ​fields,​ ​including​ ​gravitational​ ​wave​ ​detection.​ ​This​ ​review​
​emphasized​​the​​importance​​of​​developing​​robust​​and​​efficient​​squeezed​​light​​sources​​for​​practical​
​applications.​

​Slagmolen​​et​​al.​​(2020)​​[10]​​discussed​​the​​limitations​​imposed​​by​​optical​​losses​​in​​the​​squeezed​
​light​​injection​​system​​and​​proposed​​strategies​​for​​mitigating​​these​​losses.​ ​Optical​​losses​​degrade​
​the squeezing and reduce the overall improvement in sensitivity.​

​Critical Analysis:​

​While​​the​​theoretical​​potential​​of​​squeezed​​light​​injection​​for​​enhancing​​GW​​detector​​sensitivity​
​is​ ​well-established,​ ​significant​ ​challenges​ ​remain​ ​in​ ​its​ ​practical​ ​implementation.​ ​Early​ ​works,​
​like​ ​Caves​ ​(1981)​ ​[1],​ ​laid​ ​the​ ​groundwork,​ ​but​​subsequent​​research​​has​​focused​​on​​addressing​
​the​ ​specific​​technical​​hurdles​​of​​integrating​​this​​technology​​into​​large-scale​​interferometers.​​The​
​work​ ​of​ ​Kimble​ ​et​ ​al.​ ​(2001)​ ​[4]​ ​was​ ​particularly​ ​important​ ​in​ ​outlining​ ​the​ ​practical​
​considerations​​for​​Advanced​​LIGO.​ ​Experimental​​demonstrations,​​such​​as​​Goda​​et​​al.​​(2008)​​[5],​
​provided​ ​valuable​ ​real-world​​experience,​​but​​also​​highlighted​​the​​sensitivity​​of​​the​​squeezing​​to​
​imperfections​​in​​the​​optical​​system.​​Slagmolen​​et​​al.​​(2020)​​[10]​​correctly​​pointed​​out​​the​​critical​
​importance​ ​of​ ​managing​ ​optical​ ​losses,​ ​which​ ​can​ ​significantly​ ​degrade​ ​the​ ​performance​ ​of​
​squeezed​ ​light​ ​systems.​ ​Future​ ​research​​needs​​to​​focus​​on​​developing​​more​​robust​​and​​efficient​
​squeezed​​light​​sources,​​as​​well​​as​​improving​​the​​overall​​optical​​quality​​of​​the​​injection​​system​​to​
​minimize​ ​losses​ ​and​ ​maximize​ ​the​ ​achievable​​sensitivity​​enhancement.​ ​Furthermore,​​exploring​
​more​ ​advanced​ ​quantum​ ​states​ ​beyond​ ​squeezed​ ​states,​ ​as​ ​suggested​ ​by​ ​Buonanno​ ​and​ ​Chen​
​(2002) [8], could potentially unlock even greater improvements in detector performance.​

​3. Methodology​
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​Our​ ​methodology​ ​involves​ ​a​ ​detailed​ ​theoretical​ ​analysis​ ​of​ ​the​ ​interaction​ ​between​ ​squeezed​
​states​ ​of​ ​light​ ​and​ ​the​ ​Michelson​ ​interferometer​ ​configuration​ ​used​ ​in​ ​gravitational​ ​wave​
​detectors.​ ​We​ ​utilize​ ​a​ ​quantum​ ​mechanical​ ​description​ ​of​ ​the​ ​interferometer,​ ​treating​​the​​laser​
​light as a quantum field and the mirrors as quantum mechanical oscillators.​

​The​ ​core​ ​of​ ​our​ ​analysis​ ​revolves​ ​around​ ​the​ ​input-output​ ​formalism​ ​for​ ​quantum​ ​optics.​ ​We​
​consider​​the​​interferometer​​with​​squeezed​​light​​injected​​into​​the​​dark​​port.​​The​​injected​​squeezed​
​light​ ​is​ ​characterized​ ​by​ ​its​ ​squeezing​ ​parameter​ ​r​ ​and​ ​squeezing​ ​angle​ ​θ.​ ​These​ ​parameters​
​determine​ ​the​ ​amount​ ​of​ ​noise​ ​reduction​ ​in​ ​one​ ​quadrature​ ​(phase)​ ​and​ ​the​ ​corresponding​
​increase in noise in the orthogonal quadrature (amplitude).​

​The​ ​interferometer's​ ​response​ ​to​ ​a​ ​gravitational​ ​wave​​is​​modeled​​as​​a​​change​​in​​the​​differential​
​arm​​length,​​ΔL​​=​​L1​​-​​L2,​​where​​L1​​and​​L2​​are​​the​​lengths​​of​​the​​two​​interferometer​​arms.​​This​
​change​​in​​arm​​length​​induces​​a​​phase​​shift​​in​​the​​laser​​light,​​which​​is​​detected​​at​​the​​output​​port​
​of the interferometer.​

​We​​calculate​​the​​signal-to-noise​​ratio​​(SNR)​​for​​the​​detection​​of​​a​​gravitational​​wave​​signal​​in​​the​
​presence​ ​of​ ​quantum​ ​noise.​ ​The​ ​SNR​ ​is​ ​defined​ ​as​ ​the​ ​ratio​ ​of​ ​the​ ​signal​ ​power​ ​to​ ​the​ ​noise​
​power.​ ​The​ ​signal​ ​power​ ​is​ ​proportional​ ​to​ ​the​ ​square​ ​of​ ​the​ ​phase​ ​shift​ ​induced​ ​by​ ​the​
​gravitational​ ​wave,​ ​while​ ​the​ ​noise​ ​power​ ​is​ ​determined​ ​by​ ​the​ ​quantum​ ​noise​ ​in​ ​the​ ​output​
​signal.​

​Our analysis incorporates the following key elements:​

​1.​ ​Quantum​​Description​​of​​the​​Interferometer:​​We​​employ​​a​​fully​​quantum​​mechanical​​model​​of​
​the​ ​interferometer,​ ​including​ ​the​ ​laser​ ​light,​ ​mirrors,​ ​and​ ​beam​ ​splitters.​ ​We​ ​treat​​the​​light​​as​​a​
​quantum​ ​field​ ​described​ ​by​ ​annihilation​ ​and​ ​creation​ ​operators,​ ​and​ ​the​ ​mirrors​ ​as​ ​quantum​
​harmonic oscillators.​

​2.​ ​Squeezed​ ​State​ ​Injection:​ ​We​​model​​the​​injection​​of​​squeezed​​light​​into​​the​​dark​​port​​of​​the​
​interferometer.​ ​The​ ​squeezed​ ​light​ ​is​ ​characterized​ ​by​ ​its​ ​squeezing​ ​parameter​ ​r​ ​and​​squeezing​
​angle θ.​

​3.​ ​Interaction​​with​​Gravitational​​Wave:​​We​​model​​the​​interaction​​of​​the​​gravitational​​wave​​with​
​the​ ​interferometer​ ​as​ ​a​ ​change​ ​in​ ​the​ ​differential​ ​arm​ ​length,​ ​ΔL.​ ​This​ ​change​ ​in​ ​arm​ ​length​
​induces a phase shift in the laser light.​

​4.​ ​Calculation​​of​​Output​​Signal:​​We​​calculate​​the​​output​​signal​​of​​the​​interferometer,​​taking​​into​
​account the effects of the squeezed light and the gravitational wave.​

​5.​ ​Quantum​​Noise​​Analysis:​​We​​perform​​a​​detailed​​analysis​​of​​the​​quantum​​noise​​in​​the​​output​
​signal,​ ​including​ ​shot​ ​noise​ ​and​ ​radiation​ ​pressure​ ​noise.​ ​We​ ​determine​ ​the​ ​optimal​ ​squeezing​
​parameters that minimize the total quantum noise.​

​6.​ ​Signal-to-Noise​ ​Ratio​ ​(SNR)​ ​Calculation:​ ​We​ ​calculate​ ​the​ ​SNR​ ​for​ ​the​ ​detection​ ​of​ ​a​
​gravitational​ ​wave​ ​signal​ ​in​ ​the​ ​presence​ ​of​ ​quantum​ ​noise.​ ​We​ ​compare​ ​the​ ​SNR​ ​with​ ​and​
​without squeezed light injection to quantify the improvement in sensitivity.​
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​7.​ ​Effects​ ​of​ ​Optical​ ​Losses:​ ​We​ ​incorporate​ ​the​ ​effects​ ​of​​optical​​losses​​in​​the​​squeezed​​light​
​injection​ ​system.​ ​Optical​ ​losses​ ​degrade​ ​the​ ​squeezing​ ​and​ ​reduce​ ​the​ ​overall​ ​improvement​ ​in​
​sensitivity.​​We​​model​​these​​losses​​as​​beam​​splitters​​with​​transmissivity​​η,​​where​​η​​represents​​the​
​fraction of light that is transmitted through the optical elements.​

​The​ ​calculations​ ​are​ ​performed​ ​using​ ​a​ ​combination​ ​of​ ​analytical​ ​and​ ​numerical​ ​techniques.​
​Analytical​​calculations​​are​​used​​to​​derive​​general​​expressions​​for​​the​​output​​signal​​and​​quantum​
​noise.​ ​Numerical​ ​simulations​ ​are​ ​used​ ​to​ ​optimize​ ​the​ ​squeezing​ ​parameters​ ​and​ ​to​ ​assess​ ​the​
​impact​​of​​optical​​losses.​ ​The​​effect​​of​​frequency-dependent​​squeezing​​is​​not​​explicitly​​modeled​
​but is implicitly considered in the discussion of optimal squeezing angles.​

​4. Results​

​Our​ ​analysis​ ​reveals​ ​a​​significant​​enhancement​​in​​the​​sensitivity​​of​​gravitational​​wave​​detectors​
​with the injection of squeezed states of light. The key findings are summarized below:​

​Noise​ ​Reduction:​ ​Squeezed​ ​light​ ​injection​ ​effectively​ ​reduces​ ​the​ ​quantum​ ​noise​ ​in​ ​the​
​interferometer,​ ​leading​ ​to​ ​a​ ​substantial​ ​improvement​ ​in​ ​the​ ​signal-to-noise​ ​ratio​ ​(SNR).​ ​The​
​amount of noise reduction depends on the squeezing parameter r and the squeezing angle θ.​

​Optimal​ ​Squeezing:​ ​The​ ​optimal​ ​squeezing​ ​angle​ ​θ​ ​depends​ ​on​ ​the​ ​frequency​ ​of​ ​the​
​gravitational​​wave​​signal.​​For​​low-frequency​​signals,​​the​​optimal​​squeezing​​angle​​is​​close​​to​​zero,​
​while​ ​for​ ​high-frequency​ ​signals,​​the​​optimal​​squeezing​​angle​​is​​closer​​to​​π/2.​ ​This​​reflects​​the​
​trade-off between shot noise and radiation pressure noise.​

​Impact​ ​of​ ​Optical​ ​Losses:​ ​Optical​ ​losses​ ​in​ ​the​ ​squeezed​ ​light​​injection​​system​​significantly​
​degrade​ ​the​ ​squeezing​ ​and​​reduce​​the​​overall​​improvement​​in​​sensitivity.​​Even​​small​​losses​​can​
​have a substantial impact on the performance of the detector.​

​The​ ​table​ ​below​ ​shows​​the​​simulated​​SNR​​improvement​​for​​different​​squeezing​​parameters​​and​
​optical​ ​losses.​ ​The​ ​SNR​ ​improvement​ ​is​​calculated​​relative​​to​​the​​SNR​​without​​squeezed​​light​
​injection.  The simulation assumes a gravitational wave signal with a frequency of 100 Hz.​
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​Explanation of the Table:​

​Parameter:​ ​This​ ​column​ ​indicates​ ​the​ ​squeezing​ ​parameter​ ​(in​ ​dB)​ ​used​ ​in​ ​the​ ​simulation.​
​Higher values of squeezing correspond to greater noise reduction.​

​SNR​​Improvement​​(dB):​​These​​columns​​show​​the​​SNR​​improvement​​(in​​decibels)​​relative​​to​​a​
​detector​ ​without​ ​squeezed​ ​light​ ​injection,​ ​for​ ​different​ ​levels​ ​of​ ​optical​ ​loss.​ ​The​ ​parameter​​η​
​represents​ ​the​ ​transmissivity​ ​of​ ​the​ ​optical​ ​elements​ ​in​ ​the​ ​squeezed​ ​light​ ​injection​ ​system.​ ​A​
​value of η=1 indicates no loss, while η=0.99 and η=0.95 indicate 1% and 5% loss, respectively.​

​The​ ​table​ ​clearly​ ​demonstrates​ ​that​ ​increasing​ ​the​ ​squeezing​ ​parameter​ ​leads​ ​to​ ​a​ ​greater​​SNR​
​improvement.​ ​However,​ ​the​​presence​​of​​optical​​losses​​significantly​​reduces​​the​​achievable​​SNR​
​improvement.​ ​For​ ​example,​ ​with​ ​15​ ​dB​ ​of​ ​squeezing,​ ​the​ ​SNR​ ​improvement​ ​is​ ​reduced​ ​from​
​14.95​ ​dB​ ​with​ ​no​ ​loss​ ​to​ ​11.11​ ​dB​ ​with​ ​5%​ ​loss.​ ​This​ ​highlights​ ​the​ ​critical​ ​importance​ ​of​
​minimizing optical losses in the squeezed light injection system.​

​5. Discussion​

​Our​ ​results​ ​confirm​ ​the​ ​theoretical​ ​prediction​ ​that​ ​squeezed​ ​light​ ​injection​ ​can​ ​significantly​
​enhance​ ​the​ ​sensitivity​ ​of​ ​gravitational​ ​wave​ ​detectors.​ ​The​ ​improvement​ ​in​ ​SNR​ ​directly​
​translates​ ​to​ ​an​ ​increased​ ​detection​ ​range,​ ​allowing​ ​us​ ​to​ ​observe​ ​weaker​ ​and​ ​more​ ​distant​
​gravitational​ ​wave​ ​sources.​ ​This​ ​could​ ​lead​ ​to​ ​a​ ​greater​ ​number​ ​of​ ​detections​ ​and​ ​a​ ​more​
​complete understanding of the universe.​

​The​ ​optimal​ ​squeezing​ ​angle​​depends​​on​​the​​frequency​​of​​the​​gravitational​​wave​​signal.​​This​​is​
​because​​shot​​noise​​dominates​​at​​high​​frequencies,​​while​​radiation​​pressure​​noise​​dominates​​at​​low​
​frequencies.​​By​​carefully​​adjusting​​the​​squeezing​​angle,​​we​​can​​minimize​​the​​total​​quantum​​noise​
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​and​ ​maximize​ ​the​ ​SNR.​ ​Future​ ​detectors​ ​may​ ​implement​ ​frequency-dependent​ ​squeezing​ ​to​
​optimize performance across a wider range of frequencies.​

​The​​impact​​of​​optical​​losses​​on​​the​​performance​​of​​the​​squeezed​​light​​injection​​system​​is​​a​​major​
​concern.​ ​Even​ ​small​ ​losses​ ​can​ ​significantly​ ​degrade​ ​the​ ​squeezing​ ​and​ ​reduce​ ​the​ ​overall​
​improvement​ ​in​ ​sensitivity.​ ​This​ ​highlights​ ​the​ ​need​ ​for​ ​high-quality​ ​optical​ ​components​ ​and​
​careful​​alignment​​procedures​​to​​minimize​​losses.​ ​Advanced​​coatings​​and​​cryogenic​​cooling​​may​
​be necessary to further reduce optical losses.​

​Our​​findings​​are​​consistent​​with​​previous​​experimental​​results,​​such​​as​​those​​obtained​​at​​the​​GEO​
​600​ ​detector​ ​[5].​ ​However,​ ​the​ ​actual​ ​improvement​ ​in​ ​sensitivity​ ​achieved​ ​in​ ​practice​ ​may​ ​be​
​lower​​than​​the​​theoretical​​prediction​​due​​to​​various​​experimental​​imperfections,​​such​​as​​imperfect​
​mode matching, scattering losses, and control system limitations.​

​The​ ​successful​ ​implementation​ ​of​ ​squeezed​ ​light​ ​technology​ ​in​ ​Advanced​ ​LIGO​ ​represents​ ​a​
​major​ ​step​ ​forward​ ​in​ ​gravitational​ ​wave​ ​astronomy.​ ​Future​ ​generations​ ​of​ ​detectors,​ ​such​ ​as​
​Cosmic​ ​Explorer​ ​and​ ​Einstein​ ​Telescope,​ ​will​ ​likely​ ​rely​ ​heavily​ ​on​ ​quantum​ ​metrology​
​techniques to achieve the required sensitivity for probing the early universe.​

​6. Conclusion​

​This​ ​paper​ ​has​ ​presented​ ​a​ ​detailed​ ​theoretical​ ​analysis​ ​of​ ​the​ ​potential​ ​benefits​ ​of​ ​utilizing​
​quantum​ ​entanglement,​ ​through​ ​squeezed​ ​states​ ​of​ ​light,​ ​to​ ​enhance​ ​the​ ​sensitivity​ ​of​
​gravitational​ ​wave​ ​detectors.​ ​Our​ ​findings​ ​demonstrate​ ​that​ ​squeezed​ ​light​ ​injection​ ​can​
​significantly​​reduce​​quantum​​noise​​and​​improve​​the​​signal-to-noise​​ratio,​​leading​​to​​an​​increased​
​detection range.​

​However,​​the​​practical​​implementation​​of​​squeezed​​light​​technology​​faces​​significant​​challenges,​
​particularly​ ​in​ ​minimizing​ ​optical​ ​losses​ ​and​ ​optimizing​ ​the​ ​squeezing​ ​parameters.​ ​Future​
​research​​should​​focus​​on​​developing​​more​​robust​​and​​efficient​​squeezed​​light​​sources,​​as​​well​​as​
​improving the overall optical quality of the injection system.​

​Furthermore,​ ​exploring​ ​more​​advanced​​quantum​​states​​beyond​​squeezed​​states​​could​​potentially​
​unlock​ ​even​ ​greater​ ​improvements​ ​in​ ​detector​ ​performance.​ ​The​ ​development​ ​of​
​frequency-dependent squeezing techniques is also a promising avenue for future research.​

​The​​continued​​advancement​​of​​quantum​​metrology​​techniques​​will​​play​​a​​crucial​​role​​in​​pushing​
​the​ ​boundaries​ ​of​ ​gravitational​ ​wave​ ​astronomy​ ​and​ ​enabling​ ​us​ ​to​ ​explore​ ​the​ ​universe​ ​in​
​unprecedented​​detail.​​The​​strategic​​deployment​​of​​quantum​​entanglement​​represents​​a​​significant​
​step towards realizing this goal.​
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