LOCATION, LOCATION, LOCATION



LOCATION, LOCATION, LOCATION: DETERMINING WHERE THINGS ARE 
(Or: Attack of the Giant Space Bananas!)

INSTRUCTOR’S EDITION

INTRODUCTION: In everyday life, it seems simple enough to figure out where things are. You just look, right? But when it comes to detecting phenomena in the universe, it isn’t as straightforward as that. If astronomical distances themselves weren’t challenging enough to determine, there is the added complexity of figuring out the direction. 

In this activity, we introduce students to some of the methods that scientists use to determine the direction and distance of various objects, from nearby sounds to distant black hole mergers. 



**This activity was created in part with the support of the NASA Science Mission Directorate Education and Public Outreach for Earth and Space Science (EPOESS), which is part of the Research Opportunities in Space and Earth Sciences (ROSES), Grant Number NNX12AH11G**



MATERIALS AND HELPFUL HINTS: 

GOALS:

LEARNING OBJECTIVES:

EVALUATION:

Students are required to answer several questions within the activity, often justifying choices to multiple choice questions or drawing a diagram of their observations. The activity could be collected as a worksheet and these questions graded for accuracy, or the questions could be fashioned into personal response questions embedded in a guided lecture (e.g., Powerpoint presentation). Questions could also be incorporated in quizzes/exams. Instructors are encouraged to listen closely to the conversations of student groups to find out if there are any persistent misconceptions or any confusion about the activity.






BACKGROUND: 


REFERENCES:
Localization of sources in the sky are derived from SCIVR screenshots as well as:
http://www.virgo-gw.eu/skymap.html

Information on detected LIGO events:
https://losc.ligo.org/events/



































ENGAGE:

USE PIECES OF PAPER TO INDICATE THE FOLLOWING ‘ROLES.’ THE NUMBER NEXT TO THE ROLE INDICATES HOW MANY OF EACH YOU SHOULD CREATE.

SOURCE (1)  ***THIS PERSON SHOULD WAIT SEVERAL SECONDS BEFORE CREATING THE ‘SIGNAL***

BROKEN DETECTOR (UP TO 3)  ***THESE STUDENTS HAVE THE OPTION OF LYING ABOUT HOW LONG IT TOOK THE SIGNAL TO GET TO THEM. ALTERNATIVELY, THEY CAN SAY THEY LOST COUNT. THIS KEEPS THE SOURCE FROM BEING TOO EASY TO DIVINE ***

DETECTOR (ENOUGH SO THAT ALL STUDENTS HAVE A ROLE)

HAVE YOUR STUDENTS STAND IN A CIRCLE (OR IF IT IS A VERY LARGE GROUP, BREAK THEM UP INTO CIRCLES OF 20-30 STUDENTS EACH.) HAVE THEM JOIN HANDS.

THE “SOURCE” WILL THEN SIMULTANEOUSLY SQUEEZE THE HANDS OF THE ADJACENT STUDENTS. THEY WILL IN TURN “PASS ON” THE SIGNAL BY SQUEEZING THE HAND OF THE NEXT PERSON OVER, AND SO IT GOES UNTIL THE “SOURCE” FEELS BOTH SQUEEZES RETURN. THE SOURCE WILL MAKE SOME KIND OF SILENT SIGNAL TO YOU THAT IT HAS COME FULL CIRCLE, AND YOU WILL STOP THE ACTIVITY.

IF STUDENTS ARE LEFT TO THEIR OWN, THE SQUEEZES MIGHT NOT TRAVEL AT ANYTHING LIKE THE SAME RATE, SO YOU SHOULD HAVE EVERYONE COUNT ALOUD. MAKE SURE THAT THE SOURCE KNOWS TO WAIT SEVERAL SECONDS BEFORE PERFORMING THE FIRST SQUEEZE. STOP THE EXERCISE WHEN YOU WITNESS THE SQUEEZE COME BACK TO THE SOURCE. 

TELL THE STUDENTS TO TRY TO REMEMBER WHAT THE COUNT WAS WHEN THE SQUEEZE HIT THEIR LEFT AND RIGHT HANDS. 

AS THE INSTRUCTOR, YOU SHOULD NOT BE TOO CONCERNED WITH DISTRACTED STUDENTS OR PEOPLE THAT MISCOUNT. THIS KIND OF DISTRACTION AND UNCERTAINTY IN SIGNAL TIMING ACTUALLY GIVES YOUR STUDENTS SOME INSIGHT INTO UNDERSTANDING THE UNCERTAINTIES IN REAL SCIENTIFIC DETECTORS.

QUESTION: What was the count when the squeeze got to your left hand?


QUESTION: What was the count when the squeeze got to your right hand?

QUESTION: Which signal traveled farther to get to you?
a. The one that hit your right hand
b. The one that hit your left hand
c. They both traveled the same distance

EXPLAIN:




QUESTION: Who do you think is the “source” of the signal?



Now check with a few others in the circle to find out who they think is the source. Does everyone agree?






NOW REPEAT THE EXPERIMENT, BUT HAVE THE SOURCE PROVIDE ONLY ONE SIGNAL FROM THE RIGHT HAND. AGAIN, INSTRUCT THE SOURCE TO WAIT SEVERAL “COUNTS” BEFORE SENDING THE SIGNAL.

QUESTION: Who do you think is the “source” of the signal?



QUESTION: Now check with a few others in the circle to find out who they think is the source. Does everyone agree?



QUESTION: Which method allowed you to better “localize” the source?
a. Using 1 detector (one hand)
b. Using 2 detectors (both hands)
c. Both methods worked equally well
d. Neither method allowed me to localize the source

EXPLAIN:



Scientific detectors can sometimes behave like the game you just played. In particular, the LIGO and VIRGO gravitational wave detectors take advantage of their great separation to better localize the source of the signals they receive. But it doesn’t work to precisely determine where the source is. To understand why, consider the following scenario:


You’re sitting at your desk, minding your own business, with your earbuds in. Suddenly, over the sound of the music you hear a mysterious CRACK! 

How do you know where the sound came from? Was it in the room? In the house? Or was it across town?

Within seconds, your friend, who lives across town, texts you. “DID U HEAR THAT??!!”

At this point, you are pretty sure that the sound did not come from your room. Unfortunately, that’s about all you know, though. 

Minutes later you get another text. “THERE IT IS AGAIN!!”

You are about to respond “??????” when you hear it.

Now you know that whatever caused the second sound was…
a. … closer to you than it was to your friend
b. … closer to your friend than it was to you
c. … the same distance from you and your friend
d. You can’t conclude anything about the location of the source

EXPLAIN: 
















Here’s a diagram showing your house and your friend’s house and four possible locations of the second sound. 
YOUR HOUSE
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FRIEND’S HOUSE
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QUESTION: Which location (1-4) is the most likely position of the second sound?


EXPLAIN:


Draw on the diagram at least two other locations that could be the position of the second sound.


You get on the phone to talk to your friend after the second sound, and while you’re trying to figure out what’s going on, you both hear something at the same time.

QUESTION: Which location (1-4) could be the source of the third sound?


Draw on the diagram at least two other locations that could be the position for the third sound.

What, if anything, would help you better localize the source of the sounds if more occur?

EXPLORE: 

One thing that you’ve been ignoring so far is that there are more than two dimensions in the universe. Sure, the source of the sound could have been at ground level, but it could also have been above the ground or deep beneath it. 

In the case of the third sound – the one that you and your friend heard simultaneously – its origin could have been anywhere along a line that cut between your two houses or directly above or directly below that line. The only rule is that the source of the sound was the same distance from both your house and your friend’s house.

If you look at all the possible locations that are equally distant from you and your friend, they actually create a giant plane cutting through the mid-line. 

For signals coming from space, that plane shows up as a giant circle projected into the sky. One such circle is something called the “celestial equator,” and it’s just the projection of Earth’s equator into the sky. This helps astronomers indicate the position of things in the sky, just as latitude and longitude indicate positions of things on Earth’s surface.

[image: https://solarsystem.nasa.gov/bosf/docs/BOSF_02_06v2_Celestial_Sphere.jpg]

FIGURE X: The plane that cuts through Earth’s equator appears as a giant circle projected onto the sky. This is called the Celestial Equator. Image from https://solarsystem.nasa.gov/basics/chapter2-2/


Just as being the only person hearing a sound is not helpful in figuring out where the sound came from, knowing that a signal came from one of an infinite number of possible points is not particularly helpful. Having multiple observers – and knowing how fast your signal is traveling – helps scientists better localize the source.

LIGO’s detectors are located in two cities in the USA: Hanford, Washington and Livingston, Louisiana. These cities are separated by a straight line distance of 3002 kilometers (their overland distance is slightly greater because Earth is curved).
[image: LIGOs Dual Det LLO and LHO and map]
Image credit: 
https://www.ligo.caltech.edu/WA/page/ligo-detectors

The gravitational wave signals that they detect move at the speed of light, or 300,000 km/s.

QUESTION: How long would it take a gravitational wave to travel in a straight line from Hanford to Livingston?







QUESTION: Imagine that the two detectors record a gravitational wave event SIMULTANEOUSLY. What does this mean about the direction of the source? [think about the example with the mystery sound]










For the first gravitational wave detection in 2015, two gravitational wave observatories were up and running: The LIGO facility in Livingston, Louisiana, USA and the LIGO facility in Hanford, Washington, USA.

The Livingston facility detected the wave seven milliseconds (0.007 s) before the Hanford facility. 

Now take a look at the map below.

QUESTION: What does this observation mean about the location of the source?
a. It came from the southern sky and traveled basically northward 
b. It came from the northern sky and traveled basically southward
c. It came from directly above or directly below the red line indicated on the map below and traveled directly “down” through the USA
d. It came exactly from the direction indicated by the white arrow

EXPLAIN:




[image: Gw_global_detector_map]
	

IMAGE SOURCE: https://www.ligo.caltech.edu/image/ligo20160211c 




Another added feature is that gravitational waves, like EM waves, are “transverse” – the compression/elongation is perpendicular to the direction that the wave is travelling. So if a gravitational wave were coming out of the page towards you (or going directly into the page), it would result in the following behavior (definitely not to scale): One arm elongates while the second arm shrinks. Then both arms return to “normal.” Then the first arm shrinks while the second elongates. Then both return to normal. Then the cycle repeats as long as gravitational waves are coming through the detector. 









A schematic of how LIGO’s perpendicular arms respond to a gravitational wave traveling out of the page or into the page.


QUESTION: Imagine that the diagram below is LIGO. It has made a detection where only the arm along the y-axis was observed to elongate and shrink. What does this mean?






a. LIGO is broken
b. The GW is coming from the top of the page (from the +y direction)
c. The GW is coming from either the left or right of the page (from the -x or +x direction)
d. The GW is coming out of the page towards you
e. The GW is coming either from the top or bottom of the page (from the +y or –y direction)

EXPLAIN: 










The various gravitational wave observatories have different arm orientations. These, along with the arrival times at the observatories, help scientists better narrow down the possible direction for the source of the gravitational waves.

NEED SCREENSHOT OF SPACE BANANAS HERE.

For the first detection – GW 150914 – both LIGO facilities were working, but all that scientists could deduce from the data was that the source was somewhere in the ring of sky indicated by the blue region below. That’s a huge patch of sky! Frantic follow-up searches by telescopes turned up nothing. The collision that resulted in this gravitational wave event gave off no light that we could detect. 

[image: Localization_map_wo_virgo]

As you can see, localizing the source of gravitational waves is not easy!




But in 2017, scientists got very lucky. THREE gravitational wave observatories were working, allowing them to more precisely pinpoint the source. 

LIGO narrowed it down to the green bands shown below, but the third observatory – Virgo, in Italy –  narrowed it even further to the dark green patch. Because that region was so small, it was possible for observatories to quickly follow up to find any signal in the more familiar electromagnetic waves (i.e., light), and the event showed up across the full electromagnetic spectrum. Future observations 



[image: http://www.virgo-gw.eu/images/GW170817_orig.png]

Image from http://www.virgo-gw.eu/images/GW170817_orig.png










GLOSSARY from https://www.ligo.org/science/Publication-GW170814/index.php
· Black hole: A region of space-time caused by an extremely compact mass where the gravity is so intense it prevents anything, including light, from leaving.
· [bookmark: Glossary:gravitationalwaveform]Gravitational waveform: A curve describing how the disturbance caused by a gravitational wave varies with time.
· [bookmark: Glossary:noise]Noise: Fluctuation in the gravitational-wave measurement signal due to various instrumental and environmental effects. The sensitivity of a gravitational-wave detector is limited by noise.
· [bookmark: Glossary:observingrun]Observing run: A period of observation in which gravitational wave detectors are taking data.
· [bookmark: Glossary:sensitivity]Sensitivity: A description of a detector's ability to detect a signal. Detectors with lower noise are able to detect weaker signals and therefore are said to have higher (or greater) sensitivity.
· [bookmark: Glossary:strain]Strain: The fractional change in the distance between two measurement points due to the deformation of spacetime by a passing gravitational wave.

FURTHER READING:
https://www.wired.com/2016/02/ligo-aint-gravitational-wave-detector-observatory/

https://www.ligo.caltech.edu/image/ligo20170601e

http://www.thephysicsmill.com/2016/03/06/direction-ligos-gravitational-waves/ 

https://www.ligo.org/science/Publication-GW170814/index.php

https://www.ligo.org/scientists/GW100916/GW100916-geometry.html

http://www.thephysicsmill.com/2016/03/06/direction-ligos-gravitational-waves/

https://www.wired.com/2016/02/using-gravitational-waves-to-pinpoint-colliding-black-holes/
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